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ABSTRACT 
 
 
In an attempt to better understand and predict concrete pavement behavior, the 
incorporation of material and climatic factors in mechanistic-empirical design methods is 
fast becoming a necessity.  With the wide range of climatic regions in the United States, 
the inclusion of localized factors can have a profound effect on the observed critical 
distresses and fatigue life of rigid pavements.  A mechanistic analysis and design 
software (RadiCAL) was developed employing an influence line approach in conjunction 
with Miner’s Hypothesis to calculate the fatigue damage at numerous locations in the 
slab for typical jointed plain concrete pavement sections.  Permanent built-in curling of 
concrete slabs, stress range-based concrete fatigue transfer functions, and the inclusion of 
self-equilibrating stresses from non-linear temperature profiles were found to have 
considerable effects on the predicted location and magnitude of concrete fatigue damage.  
A parameter named NOLA (Non-Linear Area) was developed and implemented in 
RadiCAL to provide a simple, visual method to account for these self-equilibrating 
stresses that are readily ignored in pavement analyses.  Top-down and bottom-up 
transverse, longitudinal, and corner cracking were found to be critical fatigue 
mechanisms depending on the pavement geometry, climatic zone, and material 
parameters selected.  These results are in contrast to the assumed bottom-up, mid-slab 
transverse cracking mechanisms, which are exclusively predicted using traditional 
mechanistic-empirical techniques.  These predicted fatigue failure modes and locations 
correspond well to the wide variety of observed fatigue cracking patterns on existing 
rigid pavements sections in California and show promise for calibration and design 
adaptation in other regions as well.  Results show that the use of doweled transverse 
joints will reduce the likelihood of these alternative cracking mechanisms significantly.  
The exception to this is with the use of widened slabs where the predominant predicted 
fatigue cracking mechanism in RadiCAL remains longitudinal cracking regardless of load 
transfer levels at the transverse joint. 
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CHAPTER 1.  RESEARCH OVERVIEW 
1.1.   Background 
With the development of mechanistic-empirical design methods to predict fatigue 
cracking under a variety of climatic, material, pavement geometries, and loading 
conditions, advancements in pavement mechanics in conjunction with technology now 
allow for better understanding of alternative fatigue failure modes in rigid pavements.  
The vast majority of mechanistic-empirical design has focused on transverse fatigue 
cracking criterion initiated by loads placed at the mid-slab edge, as this would 
accommodate the major distress seen on many rigid pavement sections.  However, 
condition surveys of pavements without dowels or tied shoulders in California and 
Washington have shown that longitudinal and corner cracking occur as frequently as 
transverse cracking (Harvey et al. 2000b, Roesler et al. 2000, Mahoney et al. 1991).  
However, no current M-E design methodology accounts for these alternative failure 
modes. 
Studies (Yu et al. 1998, Armaghani et al. 1987, Hatt 1923, Hveem 1951, 
Beckemeyer et al. 2002) have shown that many factors can cause an upward curling of 
the slab, which suggests that transverse joints loading deserves greater consideration in 
concrete pavements.  If large positive temperature gradients (temperature of slab is hotter 
on top than bottom) exist as the concrete hardens shortly after construction, the slab will 
curl upward as the pavement cools and reach a zero-gradient condition.  This is a 
common occurrence during the hot summer construction season.  This built-in curling 
can reach magnitudes of 2.5 °F/in or more (Eisenmann and Leykauf 1990a).  Preliminary 
analysis has shown that paving under typical nighttime conditions can have an opposite 
effect on this built-in curl (Schmidt 2001). 
Drying shrinkage profiles in the concrete has been shown to occur to depths of 2 
inches (Janssen 1987, Eisenmann and Leykauf 1990b, Grasley 2003) and may extend to 
the mid-depth of the slab (Rasmussen and McCullough 1998).  In concrete slabs, the top 
of the slab loses moisture more easily due to its interaction with the ambient environment 
while the remaining portion of the slab’s volume remains close to saturation level.  This 
effect can be more pronounced in drier, less humid climates as those found in the 
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southwestern United States.  The drying shrinkage through a slab can be influenced by 
the concrete mixture proportions and materials, supporting layers, construction practices, 
climatic conditions, and the thickness of the concrete slab.  These shrinkage distributions 
have been found in a California study to be high enough that slabs crack under 
environmental influences before any traffic loading is even applied (Heath et al. 2003). 
Moisture curling/warping effects can be modeled as equivalent temperature 
gradients by relating their strain measurements to the thermal properties of the concrete 
and adding these equivalent gradients to actual temperature gradients.  Upward curling 
due to the residual equivalent negative temperature gradients can shift the linear 
temperature frequency distribution significantly.  Studies have shown that this shift can 
be on the order of 9 to 20°F (Yu et al. 1998, Armaghani et al. 1987) and in extreme cases 
up to 40°F (Rao and Roesler 2005a) towards a negative temperature differential.  This 
shift can ultimately lead to increased importance of axle loads at the transverse joints, 
which lead to longitudinal or corner fatigue cracking development. 
1.2.   Research Objectives 
The overall objective of this research is to mechanistically assess the possibility of 
alternative crack formation in jointed plain concrete pavements and to account for this in 
design.  The specific objectives to achieve this are the following: 
• Examine the relative stress levels of axle loads at the transverse joint in 
comparison with critical mid-slab edge stress. 
• Develop an analysis process in a computer program to account for 
deterministic and statistical parameters affecting stresses and fatigue 
damage in concrete pavements that considers alternative fatigue cracking 
mechanism predictions. 
• Develop a generalized method to account for self-equilibrating stresses 
from non-linear temperature profiles.  This will allow for examination of 
the change in stress fields and its subsequent relationship to fatigue 
damage development due to the utilization of these non-linear temperature 
gradients. 
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• Assess the impact on design from the mechanistically-based fatigue 
accumulation program in comparison with calibrated design processes.  
This will also allow for comparison of predicted damage mechanisms in 
fatigue. 
• Conduct a forensic investigation of in-service JPCP sites to assess the 
damage accumulation process and its effectiveness in predicting 
alternative cracking mechanisms in the field. 
As this research was initially funded by Caltrans and later funded by the Illinois 
Department of Transportation, much of the emphasis on the variables and climatic factors 
that exist in the state of California and Illinois are emphasized. However, it is important 
to note that the principles that are being developed through this study are applicable to 
jointed concrete pavements in any climatic location. 
1.3.   Contents 
Chapter 1 defines the objectives and background of the problem statement for this 
research project.  Chapter 2 focuses on the concept of relative reference stress where the 
key factors affecting the critical stress location can be determined.  Chapter 3 highlights 
the development and utilization of a mechanistic damage accumulation program named 
RadiCAL as well as determining the impact of input parameters to this program on 
fatigue damage development at multiple locations on a jointed plain concrete pavement 
slab.  Chapter 4 presents the development of a methodology to account for self-
equilibrating stresses and its impact on both stress and fatigue damage development.  
Chapter 5 provides a comparison of mechanistic-empirical design methods in terms of 
both thickness and predicted failure mechanism to provide an idea of scenarios that may 
initiate alternative cracking mechanisms.  Chapter 6 provides a comparison of in-service 
fatigue cracking of jointed plain concrete pavements sites in California that exhibit a 
variety of cracking locations to the mechanistically-predicted damage profiles.  Finally, 
Chapter 7 summarizes significant research findings and gives recommendations for future 
research that may complement work done herein. 
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CHAPTER 2.  RELATIVE REFERENCE STRESS CONCEPT 
2.1.   Introduction 
Mechanistic-empirical design of concrete pavements can be dated as far back as 
1922 when the Bates Road experiment attempted to tie the corner stress due to a wheel 
load to the thickness design (Older 1924).  Stress computation based on medium-thick 
plate theory was employed by Westergaard (1927, 1948) starting in the 1920’s and has 
subsequently been utilized in mechanistic-empirical procedures through the years.  
Pickett and Ray (1951) expanded on Westergaard’s prediction methods by developing 
charts that incorporated multiple wheel loads. Technological breakthroughs in computers 
allowed finite element analysis (FEA) to become the preferred method of rigid pavement 
stress prediction starting in the late 1970’s (Tabatabaie-Raissi 1977) and is currently 
standard practice. 
Most design procedures developed early on utilized a purely empirical method of 
pavement design based on observations of pavement sections and their respective 
features affecting the performance.  However, during this time many researchers have 
attempted to utilize mechanistic parameters such as stress, strain, or deflection to 
supplement empirically-observed behavior of a concrete pavement for design purposes.  
The first wide-spread mechanistic-empirical analysis for design was employed in the 
Zero Maintenance design by Darter (1977).  This method incorporated a stress ratio 
approach to fatigue and thickness design with the inclusion of temperature and moisture 
gradients.  The Portland Cement Association (1984) also developed a widely-used 
method that incorporated a stress from FEA into a thickness design procedure while also 
accounting for erosion of the underlying layers (Packard and Tayabji 1985).  However 
this method did not incorporate the effects of temperature or moisture on stress and 
subsequent design thicknesses.  NCHRP 1-26 (Thompson and Barenberg 1992) and 
NCHRP 1-30 (Darter et al. 1995) also provided improved methods for mechanistic-
empirical analysis of pavement sections.  Illinois was the first state to adopt a 
mechanistic-empirical design method for concrete pavements developed by researchers at 
the University of Illinois (Zollinger and Barenberg 1989). 
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More recently, a mechanistic-empirical method for rigid pavement design has 
been developed under NCHRP 1-37A (ARA 2007).  This method improves on existing 
methods by incorporating issues such as steer-drive axle spacing, non-linear temperature 
effects, bottom-up and top-down transverse cracking prediction, faulting predictions, 
climatic influences, and better calibration models from field test sites across North 
America.  While this method significantly improves the state-of-the-art for rigid 
pavement design, enhancements to this program and prediction of longitudinal and corner 
cracking are still needed for implementation at the state level. 
2.2.   Corner Loading Versus Edge Loading 
In order to better characterize the mechanisms resulting in longitudinal and corner 
cracking, a parametric study was conducted in which loaded axles were modeled at the 
transverse joint and the resulting stresses were referenced to the maximum stress caused 
by placing the same load at the traditionally-assumed maximum stress location at the 
middle-edge of the slab (See equation 2-1). 
max ref
i  trans
σ
σRRS =       Equation 2-1 
where: 
 RRS = relative reference stress 
 σtrans i = tensile stress at location i caused by load at transverse joint 
 σref max = maximum tensile stress caused by load at mid-slab edge 
 
Using this equation, a relative reference stress (RRS) greater than 1.0 would 
suggest that the stress caused by a load along the transverse joint is greater than the stress 
caused by the same load placed at the mid-slab edge location under the same material and 
environmental conditions.  A negative RRS value would indicate that the slab was under 
compression on the principal plane at that location.  The effect of wheel wander was also 
investigated using this technique in order to observe how the level and location of critical 
tensile stresses at the transverse joint changed with lateral placement of the wheel. 
Another objective of this joint analysis was to better characterize the potential 
need for including load placement at the transverse joint in a M-E design method and, if 
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this need was confirmed, to identify the critical input parameters which resulted in critical 
stress location shifting from the mid-slab edge to near the transverse joint. 
2.3.   Finite Element Analysis 
The majority, but not all (Darter et al. 1995, Darter 2001, Poblete et al. 1990, Guo 
et al. 2002), of concrete pavement analyses for design purposes have been focused at the 
mid-slab edge only.  For slabs without any permanent curling, this assumption is correct 
for almost all slab geometries, material properties, and load configurations.  However, 
when residual curling is introduced (temperature and/or moisture), the location of the 
critical stresses in the slab is not easily predictable.  Fatigue damage caused by mid-slab 
edge loadings under negative gradients is usually negligible as the curling stresses 
subtract from the load stresses, while positive temperature gradients add to the load 
stresses at the mid-slab edge (Jiang and Tayabji 1998).  The importance of axle loads at 
the transverse joint increases with the magnitude of upward slab curling (Heath et al. 
2003, Heath and Roesler 2000a).  However, the inclusion of dowels and tie bars help can 
have a significant effect in reducing stresses in these scenarios. 
A simplification that has often utilized in pavement analysis is the addition of 
wheel load and environmental stresses.  Separate analyses for load and temperature 
scenarios are conducted and the resulting stresses are then added to estimate simultaneous 
load and temperature results.  Due to the non-linear response from loads on slabs 
experiencing slab lift-off, simple superposition of independent load and environmental 
responses often do not match the simultaneous load and temperature responses (Ioannides 
1984, Thompson and Barenberg 1992).  FEA can calculate stress levels in rigid 
pavements for a variety of input parameters (axle position, axle load levels, multiple 
slabs, curling, etc.) and thus is a powerful tool to conduct combined temperature and 
mechanical loading analysis. 
In this research, FEA was conducted using ISLAB2000 (ERES 1999) on 
pavement sections representing a range of variables, which were found to be typical of 
California rigid pavement sections.  ISLAB2000 is a 2-D finite element program for rigid 
pavements that utilizes medium-thick plate theory and builds upon the development of 
earlier ILLI-SLAB programs (Tabatabaie and Barenberg 1978, Ioannides 1984, 
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Korovesis 1990, and Khazanovich 1994).  The following variables comprise 2,160 
different cases that were analyzed: 
• Modulus of subgrade reaction (k): 100, 200, and 300 psi/in 
• Concrete thickness (h): 8 and 12 inches 
• Linear equivalent temperature difference (ΔT): 0, -15, -30, +15, and +30°F 
• Joint spacing: 13 and 19 feet 
• Slab width and PCC shoulder: 12-feet (none), 14-feet (none), and 12-feet 
(10-foot tied shoulder) 
• Axle type and weight: single (20 kips), tandem (34 kips), and tridem (54 
kips) 
• Lateral axle placement: Along transverse joint at 0, 12, and 24-inch offsets 
from edge and at mid-slab edge 
In cases with 14-foot slab widths, the load position was modeled 24 inches from 
the edge of the slab assuming that the lane delineation was painted at this point.  
Therefore, all distances for 14-foot slab width cases are referenced to the lane edge and 
not the slab edge.  For the other two slab width scenarios (12-feet with and without a tied 
PCC shoulder), the slab edge and lane edge coincide with each other.  Wander 
characteristics for the standard lane width and the extended lane width have been shown 
to be similar (Benekohal et al. 1990).  Therefore, the referenced mid-slab edge position 
was selected to be at the lane delineation and not the true slab edge for the 14-foot slab 
scenarios. 
The equivalent temperature differentials included in this factorial do not 
completely represent the actual distribution of linear temperature differentials found in 
California or Illinois on an annual basis.  The addition of shrinkage and temperature 
differential into an equivalent temperature differential was used to simplify this complex 
problem (See equation 2-2). 
ΔTαε t=        Equation 2-2 
where: 
 ε = tensile strain due to slab bending 
 αt = coefficient of thermal expansion of concrete 
 ΔT = equivalent linear temperature differential through PCC slab 
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For example, a differential shrinkage measurement of 100 με (microstrain) would 
equate to an equivalent –20°F temperature difference for a typical concrete with a 
thermal coefficient of expansion of 5.0*10-6 in/in/°F.  Equivalent shrinkage differentials 
approaching –45°F have been measured in California (Heath and Roesler 2000b) and 
therefore, the equivalent temperature differentials used in this study are not unrealistic 
values.  Concrete shrinkage gradients have been primarily in the top half of the slab and 
typically have a non-linear distribution.  For simplicity purposes, a linear distribution of 
temperature/shrinkage was assumed to limit the number of variables. 
Other material, load transfer, and axle geometry properties were set at constant 
values for this analysis.  Listed below are the constant values assumed in the FEA (Hiller 
and Roesler 2002): 
 
PCC Properties 
• Elastic Modulus: 4.0*106 psi 
• Poisson’s Ratio: 0.15 
• Coefficient of Thermal Expansion: 5.0*10-6/ºF 
• Unit Weight: 150 lb/ft3 
 
Dowel Bar Properties 
• Diameter: 1.5 inches 
• Elastic Modulus: 2.9*107 psi 
• Poisson’s Ratio: 0.10 
• Dowel Length: 18 inches 
• Dowel Spacing: 12 inches 
 
Load Transfer Properties 
• Transverse Joints: Load transfer by shear and moment by dowels only 
(deflection load transfer efficiency generally greater than 90%) 
• Longitudinal Joints: Aggregate interlock factor (AGG) varied in order to 
produce 50% deflection load transfer efficiency 
9 
Dual Wheel Axle Geometry 
• Dual Wheel Spacing: 13.5 inches 
• Axle Wheel Spacing: 72 inches  
• Tandem/Tridem Axle Spacing: 52 inches 
• Tire pressure: 100 psi 
The FEA model used a six-slab setup (nine for cases with tied PCC shoulders) to 
incorporate the effects of load transfer in adjacent slabs on stress calculations, as seen in 
Figure 2-1.  The finite element mesh was designed to be 6-inch by 6-inch on slabs of 
interest to eliminate effects of an improper aspect ratio and maintain a fine enough mesh 
to produce convergent results.  This mesh size also permitted data collection for nodes at 
every 6 inches regardless of slab size and load location.  Principal tensile stresses were 
collected at 6-inch intervals along both the transverse joint and longitudinal edge near the 
load to view the stress variations at locations away from the load. 
 
Figure 2-1.  Schematic of Six and Nine-Slab Setup for Finite Element Modeling. 
2.4.   Discussion of Initial Finite Element Analysis Results 
After all the cases were run and data at nodes of interest were collected, figures 
were developed in order to understand how the RRS changed with location along the 
Reference Position Joint Loading Position 
Longitudinal Edge 
Transverse Joint 
Tied PCC Shoulder 
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transverse joint and longitudinal edge.  A summary of the more important variables 
follows. 
2.4.1 Lateral Wheel Wander 
Figure 2-2 illustrates the effect of wheel wander along the transverse joint with a 
negative temperature gradient.  In this case, the tensile stresses are greatest at the bottom 
mid-slab edge for the nodes that are within 2.2-feet from the longitudinal edge for axles 
running along the slab edge.  At nodes further than this from the longitudinal edge, the 
tensile stresses are greater at the top of the slab while producing a critical RRS value of 
approximately 1.5.  For axles at one-foot offset from the slab edge, the tensile stress at 4-
feet from the corner roughly equals the same tensile stress found from the reference 
loading position.  Axles at two-foot offsets from the edge of the slab do not exceed the 
reference stress for this particular scenario. 
 
Figure 2-2.  Impact of Lateral Wheel Wander on RRS Values Along Transverse 
Joint. 
Figure 2-3 shows the same cases as seen in Figure 2-2, although the focus is now 
on principal tensile stresses along the longitudinal edge.  Due to the negative gradient and 
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the subsequent lift-off of the slab edges, a transverse joint load is producing higher 
stresses than the mid-slab edge load position, regardless of load offset.  The RRS value 
produced is greater along the longitudinal edge than the transverse joint due to the load 
transfer capability at the transverse joint.  This scenario would predict top-down 
transverse or corner fatigue cracking, depending on the path of crack propagation across 
the slab. 
 
Figure 2-3.  Impact of Lateral Wheel Wander on RRS Values Along Longitudinal 
Edge. 
2.4.2 Subgrade Support 
Davids (2000) notes the effect of subgrade support is small with positive gradients 
and mid-slab edge load positions.  When corner loading under negative gradients is 
modeled, the subgrade support has a significant impact on the slab response.  Subgrade 
support in this analysis was modeled using a dense liquid foundation.  Figure 2-4 shows 
the effect of modulus of subgrade reaction variation when all other variables are held 
constant.  For negative equivalent gradients with loads at the transverse joint, the RRS 
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(tension is positive) predicts top-down longitudinal cracking with the stiffer subgrades 
only in this particular scenario. 
 
Figure 2-4.  Impact of Subgrade Support on RRS Values along Transverse Joint. 
 
Table 2-1 is a summary of the percentage of cases producing higher critical 
stresses at the transverse joint than at the mid-slab edge for different k-values, slab 
widths, slab lengths, and shoulder types for variable wander axle placements.  Note that 
top-down cracking along the longitudinal edge due to a load at the transverse joint can 
potentially occur for all slab dimensions and support conditions analyzed.  Cracks that 
could develop due to this top tensile stress along the longitudinal edge were typically 
located between mid-slab edge and the transverse joint.  These stresses could also 
manifest themselves as corner cracks, which originally started as transverse cracks.  For 
cases with reduced edge stresses from an extended lane or tied PCC shoulder, bottom-up 
longitudinal cracking forming at the transverse joint becomes probable.  In these cases, 
softer subgrades tend to increase the percentage of cases that produce higher RRS at the 
-2
-1.5
-1
-0.5
0
0.5
1
1.5
2
0 0.5 1 1.5 2 2.5 3 3.5 4
Distance Along Transverse Joint From Longitudinal Edge (feet)
R
el
at
iv
e 
R
ef
er
en
ce
 S
tr
es
s
100 psi/in, bottom 200 psi/in, bottom 300 psi/in, bottom
100 psi/in, top 200 psi/in, top 300 psi/in, top
20 kip Single Axle
12' x 19' Slabs
0' Load Offset
h = 8 inches
ΔT = -15°F
13 
bottom of the slab from loads at the transverse joint.  This effect is opposite for top-down 
longitudinal cracking potential. 
Table 2-1.  Percentage of Cases Producing RRS > 1 by Slab Dimensions and 
Subgrade. 
bottom top bottom top
100 6 12 0 17
200 2 19 0 27
300 3 22 0 32
overall 4 18 0 25
100 93 17 0 41
200 73 26 0 36
300 63 27 0 33
overall 77 23 0 37
100 28 3 0 29
200 22 11 0 31
300 18 17 0 32
overall 23 10 0 31
100 11 11 0 38
200 8 17 1 38
300 0 17 2 38
overall 6 15 1 38
100 53 16 0 40
200 47 16 0 40
300 31 18 2 40
overall 44 16 1 40
100 24 3 0 39
200 17 4 2 39
300 9 6 3 37
overall 17 4 2 38
19'
12'
14'
12' with PCC 
shoulder
Along Longitudinal Edge
13'
12'
14'
12' with PCC 
shoulder
Slab Length Slab Width k (psi/in) Along Transverse Joint
 
2.4.3 Joint Spacing and Slab Thickness 
Joint spacing was found to have a distinct impact on the RRS as seen in Figure 
2-5.  For cases with negative gradients, longer joint spacing tended to increase the 
likelihood of top-down cracking at the transverse joint as more area under the slab was 
presumably unsupported.  Thickness changes had less bearing on the RRS values since 
the increased thickness concomitantly reduces both the stress at the mid-slab edge and the 
transverse joint position.   
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Figure 2-5.  Impact of Joint Spacing and Thickness on RRS Values Along 
Transverse Joint. 
2.4.4 Slab Width and Shoulder Type 
Slab width also has an effect on the RRS.  When widened lanes are utilized, the 
shorter joint spacings drive the critical stress location to the transverse joint.  Likewise, a 
tied shoulder will increase the percentage of cases exhibiting RRS values greater than 1.0 
due to the reduced stress at the mid-slab edge load position.  Figure 2-6 demonstrates this 
effect of slab widening or use of a tied PCC shoulder under an equivalent negative 
temperature gradient.  The extended lane case’s RRS values exceed 1.0 at both the 
bottom and top of the slab at different locations along the transverse joint, whereas the 
12-foot slab width cases (with and without a tied shoulder) exceed a RRS of 1.0 at the top 
of the slab away from the longitudinal edge, thereby indicating higher top-down 
longitudinal cracking potential. 
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Figure 2-6.  Impact of Slab Width and Use of Shoulder on RRS Values Along 
Transverse Joint. 
2.4.5 Linear Temperature Difference 
An extremely significant factor in stress determination in this parametric study 
was the effect of the temperature differential.  By modeling slab lift-off due to curling, 
loads that are positioned on unsupported areas can result in large stress increases.  For 
positive gradients, the middle of the slab provides the least support, while negative 
gradient cases result in less subgrade support at slab edges/corners as seen in Figure 2-7.  
Areas outside the respective equivalent negative temperature differential lines in Figure 
2-7 are deemed to be unsupported using the ISLAB2000 model for slab behavior 
prediction.  Field observations by Vandenbossche (2003) indicates that the profiles 
estimated using ISLAB2000 do not always sink into the base to the same degree as 
observed for the field slab, thereby overestimating the level of unsupported areas of the 
slab.  However, FEA analysis of the slabs in that study also revealed that the level of 
support for the concrete slab modeled by ISLAB2000 was found to be accurate with field 
slabs 88% of the time for the sections analyzed. 
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Figure 2-7.  Areas of Slab Supported under Negative Equivalent Temperature 
Difference. 
For loads at joints, negative gradient cases produced higher RRS compared to 
zero and positive temperature gradients, as seen in Figure 2-8.  RRS values for negative 
gradient cases exceeded the threshold value of 1.0, while the zero and positive gradient 
cases predicted mid-slab edge loading to produce higher stresses in all cases except when 
widened lanes were utilized. 
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Figure 2-8.  Impact of Temperature Differential on RRS Values along Transverse 
Joint. 
2.4.6 Axle Type 
Table 2-2 illustrates the percentage of cases run from the factorial that have RRS 
exceeding 1.0 regardless of the load offset or location of the stress value.  Single and 
tandem axles that were modeled with 12-foot lanes with and without a tied PCC shoulder 
showed critical loading positions at the mid-slab edge under positive temperature 
differences.  This was not the necessarily case with tridem axles though. 
In cases with 14-foot slab widths, the tensile stress due to a load at the reference 
position is reduced considerably as the load is actually 2 feet from the slab edge.  If the 
load were placed at the true slab edge, the tensile stress values would approach those of 
the 12-foot slab width case.  The overwhelming majority of the widened lane cases 
exhibited RRS values greater than 1.0.  This is due to both the stress reduction of the 
reference position (mid-slab edge) and higher stresses developed at the transverse joint.  
The widened lane with short joint spacing (13-feet vs. 19-feet) produced more cases with 
the RRS greater than 1.0, primarily due to the slab width exceeding the slab length. 
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Tridem axle loads on shorter slabs tended to produce RRS values greater than 1.0, 
even in situations with no temperature gradient.  Due to the large distance spanned by the 
tridem axle, the joint load position is both an edge loaded axle as well as a load at the 
transverse joint, as seen in Figure 2-9.  The distance between the reference and joint 
loading positions is less than 2 feet for the tridem axle and 13-foot slab length.  For both 
the tandem and tridem axles, some joint loading positions produced higher stresses even 
with positive gradients.  This was most notable for the shorter joint spacing and the 
widened slab option. 
Table 2-2.  Percentage of Cases Producing RRS > 1 by Axle Type and Temperature 
Differential. 
12' 14'
12' with 
PCC 
shoulder
12' 14'
12' with 
PCC 
shoulder
0 0 89 0 0 89 0 30
-15 39 100 56 94 100 100 81
-30 78 100 94 100 100 100 95
+15 0 61 0 0 0 0 10
+30 0 39 0 0 0 0 6
0 0 100 22 0 94 11 38
-15 56 100 89 100 100 100 91
-30 78 78 94 100 100 100 92
+15 0 100 0 0 28 0 21
+30 0 78 0 0 0 0 13
0 67 100 100 0 100 44 69
-15 72 94 100 94 100 89 92
-30 61 78 61 89 100 83 79
+15 6 100 33 6 39 11 32
+30 0 94 17 11 17 11 25
Overall
single
tandem
tridem
Axle Type ΔT (oF)
13' slab length 19' slab length
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Figure 2-9.  Distance between Mid-Slab Edge and Joint Loadings on 13-foot Length 
Slabs. 
The number of cases that produced higher tensile stresses from loads at transverse 
joints further demonstrates the need for adequate load transfer.  All these cases were 
modeled with 1.5-inch diameter dowel bars spaced at 12-inch intervals, which provide a 
high amount of stress reduction when loads are placed at the joint.  If built-in curl and 
shrinkage gradients are considered, joints with aggregate interlock only or poor dowel 
load transfer increase the likelihood of the RRS exceeding 1.0. 
The type of axle had a significant effect on the location of the maximum RRS, as 
shown in Figure 2-10.  Under a negative gradient, top-down cracking was the most likely 
cracking mechanism regardless of axle type.  The tensile stresses on the bottom of the 
slab, immediately beneath a wheel load, was less significant in comparison with the top 
of the slab tensile stresses between the loaded areas primarily due to the slab lift-off at the 
edges when the wheel load was closer to the slab corner. 
6.2 ft 3.9 ft 2.0 ft
Single Axle Tandem Axle Tridem Axle 
Reference Position Joint Loading Position 
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Figure 2-10.  Impact of Axle Type on RRS Values Along Transverse Joint. 
 
In order to illustrate the magnitude of stresses used in determining RRS values, 
Table 2-3 provides maximum principal tensile stresses occurring at several locations as 
well as the stress developed for the same conditions at the mid-slab edge condition.  Due 
to the extremely decreased stresses for mid-slab edge position loading with negative 
linear temperature gradients, RRS values significantly exceed the threshold value in 
many cases.  While the mid-slab edge stresses were significantly higher in the 8-inch 
pavement than the 12-inch pavement, the resulting RRS were similar due a concurrent 
reduction in stresses at the joint. 
Table 2-3 also gives an indication of the variation in stress levels due to changes 
in input parameters.  These parameters represent a large range of values typically found 
on California pavements.  The implementation of a M-E design procedure without 
consideration of the transverse joint loading could result in an inadequately designed 
pavement. 
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Table 2-3.  Impact of Axle Type, Temperature Difference, and Thickness for No 
Load Offset, k=100 psi/in, and 12-ft x19-ft Slab. 
bottom top bottom top
0 94.8 180.5 60.6 266.4 390.7
-15 97.5 217.8 62.7 335.7 259.8
-30 102.3 244.8 66.6 412.2 180.7
15 91.4 144.0 58.1 216.3 536.6
30 84.4 122.5 153.7 183.3 682.3
0 61.4 195.4 96.8 170.3 292.6
-15 64.0 232.9 38.0 273.6 168.2
-30 68.2 258.1 41.4 372.5 146.4
15 58.7 157.6 178.3 148.8 427.7
30 53.3 133.6 260.2 131.2 562.5
0 57.5 223.1 215.3 207.0 269.5
-15 60.1 260.6 80.0 238.3 174.3
-30 63.8 285.4 35.7 308.5 210.7
15 55.0 185.0 360.5 181.3 415.4
30 51.8 155.3 505.8 162.5 561.3
0 50.1 67.0 33.6 143.2 212.6
-15 51.8 79.6 34.4 206.1 122.2
-30 54.3 89.1 36.2 260.1 81.0
15 49.7 54.7 32.7 101.6 307.1
30 48.2 46.1 77.9 77.9 399.3
0 35.6 74.4 33.0 101.6 175.6
-15 37.2 86.8 24.4 187.2 91.8
-30 39.3 96.5 25.9 244.2 67.7
15 33.9 62.1 82.3 55.0 262.1
30 31.4 53.2 129.2 44.8 347.7
0 32.6 90.4 86.9 82.6 170.4
-15 33.9 103.2 21.1 114.5 90.2
-30 35.8 112.3 22.3 175.2 96.8
15 30.9 78.0 180.9 67.7 264.9
30 28.9 67.5 273.6 56.9 358.6
Tridem
8
8
8
12
12
12
Tandem
Tridem
Single
Tandem
Reference 
Position
Axle 
Type
ΔT 
(oF)
h 
(inches
)
Maximum Tensile Stresses (psi)
Along Transverse Joint Along Longitudinal Edge
Single
 
The inclusion of a truck or set of axles on the same slab can influence the location 
and magnitude of the critical tensile stress in rigid pavements.  Shorter axle spacings that 
produce loads at both transverse joints on the same slab, concurrent with negative linear 
temperature gradients, tend to predict top-down transverse cracking within the middle 
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third of the slab (ARA 2007, Hiller and Roesler 2005a).  These tensile stresses can 
exceed those found from either transverse joint or mid-slab edge loading positions in 
many instances.  A comprehensive mechanistic analysis should consider this 
phenomenon in conjunction with an axle spacing analysis from weigh-in-motion data. 
To mechanistically determine the effects of axles or trucks as the location is 
changing, a cumulative damage approach should be employed.  The pass of axles over a 
concrete slab can be modeled by changing the position of the loaded area, so as to 
simulate the movement of the axle.  The stress caused by each load position can be 
determined for numerous nodes in the slab and converted to damage by relating these 
stress levels to material stress capacities (e.g., concrete flexural strength).  This type of 
damage analysis can help identify the true damage disparities due to wander, axle 
combinations, loads, etc. for a large variety of input parameters.  A cumulative damage 
concept will be able to more accurately portray the “real world” design situation as 
opposed to comparing only relative tensile stresses at the joint and mid-slab edge. 
2.5.   Impact of Initial Finite Element Analyses 
This limited analysis has shown that simplifying rigid pavement design by only 
determining mid-slab edge loading stresses may result in an inadequate design for some 
environmental conditions, slab geometries, loading types, and material properties.  
Residual negative gradients due to built-in temperature curling and differential drying 
shrinkage can cause corner, longitudinal, or transverse cracking in rigid pavements and 
should be further explored for implementation into M-E rigid design procedures.  These 
residual negative gradients tend to shift the frequency distribution of equivalent 
temperature gradients toward negative values, thus increasing the likelihood of 
alternative fatigue cracking modes. 
Finite element analyses of variables present on California rigid pavements have 
shown critical tensile stress locations were most affected by the magnitude of the residual 
negative gradient.  With negative gradients in the slab, an extended lane width or tied 
PCC shoulder produced RRS values (critical joint stress / mid-slab edge stress) greater 
than 1.0 for many design scenarios.  Longer joint spacing also increased the importance 
of transverse joint loads in calculations of critical tensile stresses when negative gradients 
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were present.  The impact of subgrade stiffness had a moderate impact while slab 
thickness had a lesser effect on the importance of transverse load positions.  
Consideration of these factors in developing a more comprehensive M-E design guide for 
jointed concrete pavements is paramount to avoid premature cracking. 
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CHAPTER 3.  DEVELOPMENT OF A MECHANISTIC-EMPIRICAL FATIGUE 
ANALYSIS PROCEDURE 
3.1.   Introduction 
Building off the relative reference stress study, the next phase of this research was 
to develop software to analyze “damage” from fatigue mechanisms and not just relative 
stress levels in jointed plain concrete pavements.  Traditionally, mechanistic-empirical 
design of rigid pavements has focused on predicting bottom-up transverse fatigue damage 
at the edge of the slab.  The recent National Cooperative Highway Research Program 
Project 1-37A (ARA 2007) accounts for both bottom-up and top-down transverse 
cracking damage along the longitudinal edge.  However, the combination of temperature 
gradients, moisture shrinkage, and built-in temperature curl increase the number of 
locations which can potentially exhibit fatigue failure and a more comprehensive analysis 
procedure is needed to address this issue. 
Through irreversible shrinkage in the top 2 to 3 inches of the concrete slab as well 
as the built-in temperature gradients during the setting of the concrete, a majority of rigid 
pavements experience a permanent upward curl regardless of the cyclical temperature 
gradient (Byrum 2000).  This upward curling of concrete slabs has been observed in a 
variety of different climatic regions (Rao et al. 2001, Yu et al. 1998, Yu et al. 2001, 
Poblete et al. 1988).  The magnitude of the total curl varies with cyclical temperature and 
moisture gradients in the slab, but a certain level of permanent built-in curl always 
remains.  Full-scale test results from the desert climate of Palmdale, California suggest 
that the levels of permanent curl in terms of a linear effective built-in temperature 
difference (EBITD) can exceed -40°F for undoweled slabs (Rao and Roesler 2005a), as 
seen in Table 3-1.  Test sections in Palmdale with more slab restraint such as dowels, tied 
shoulders, or widened lanes exhibited lower built-in curl levels.  Table 3-1 also 
demonstrates that the phenomenon of built-in curling exists at numerous geographic 
locations and climates based on previously published sources.  Through improved 
characterization of axle load interactions as well as permanent and cyclical curling effects 
in cumulative fatigue damage calculations, the critical location and timing of fatigue 
cracking in rigid pavements can be better predicted.  This portion of the research focuses 
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on improving the prediction of longitudinal, corner, and transverse fatigue cracking 
phenomenon initiating from both the top and bottom of the slab for typical California 
rigid pavement structures. 
Table 3-1.  Measured Effective Built-In Temperature Difference (oF). 
Location / ID
Built-in 
Curl (oF)
Comment Reference
All LTPP GPS3 Sectionsa Up to -44 Multiple geometries / Byrum 2000
I-80 in Pennsylvania -37 Dowels / 20 ft joint spacing Yu et. al. 2001
-15.2b
-23.9c
-23.1b
-29.1c
-11.8b
-20.0c
-22.8b
-27.4c
I-70 in Coloradod -11.1 Dowels / Tied PCC shoulder Yu et. al. 1998
Floridad -5 Undoweled Armaghani et. al. 
Chile Up to -19.2 Multiple sections Poblete et. al. 1988
-8.9 Aggregate base
-6.7 Bituminous base
-22.7 No dowels / AC shoulder
-9.8 Dowels / Tied PCC shoulder
-17.2 Widened lane / AC shoulder
Ukiah, California -10 No dowels / AC shoulder S. Rao and Roesler 2005b
DIA Denver, Coloradoe -5 to -8 17.5 inch airfield slabs Rufino 2003
a Using high speed profiling
b 3 days after construction
c 40 days after construction
d Using fixed external surface gages for deflections
Dowels / Tied PCC shoulder 
/ 20 ft joint spacing
Yu et. al. 2001I-80 in Pennsylvania
S. Rao and Roesler 
2005bPalmdale, California
Surface Profiling (using dipstick unless otherwise noted)
Deflection Measurements (using FWD/HWD unless otherwise noted)
C. Rao et. al. 2001
AZ1 in Phoenix, Arizona
AZ3 in Phoenix, Arizona
AZ4 in Phoenix, Arizona
Mankato, Minnesota No dowels / AC shoulder
No dowels / AC shoulder / 15 
ft joint spacing
No dowels / AC shoulder / 20 
ft joint spacing
 
3.1.1 Mechanistic Input Characterizations 
With the inclusion of built-in temperature gradients and differential shrinkage in 
the analysis of California rigid pavements, an influence line approach (Byrum and 
Hansen 1994) was adopted to determine the location and magnitude of the critical 
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stresses.  This approach uses multiple finite element analyses from the ISLAB2000 
program (ERES Consultants 1999) to step an axle or set of axles across a slab by 
changing the position of the loaded areas 12 inches at a time and recording up to 89 
individual nodal responses for each finite element analysis (Figure 3-1).  Depending on 
the axle configurations and slab geometry, between 17 and 45 loading locations are 
required to fully traverse the design slab.  An example of this process, which can be 
represented by stress influence lines, is shown in Figure 3-2 for two nodal locations.  The 
advantage of this method is that the influence of a moving axle or set of axles on stress 
development can be found at each nodal location along with the maximum stress level 
and the change in stress.  The slab responses at each nodal location were then saved in 
order to train an artificial neural network (Khazanovich et al. 2001) using Monte Carlo 
Hierarchical Adaptive Random Partitioning (MC-HARP) to reproduce and interpolate the 
results more efficiently for other input combinations (Banan 1995, Khazanovich and 
Roesler 1997). 
 
Figure 3-1.  Locations of Starting and Ending Points for Influence Line Analysis 
with 12-foot Steer-Drive Axle Combination. 
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Interest on 
Design Slab 
Transverse Joint
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Figure 3-2.  Example of Influence Line Responses for Two Nodal Locations on Top 
of Slab for Location Between Wheelpath along transverse Joint and 2-feetfrom Mid-
Slab along Longitudinal Edge. 
In order to characterize inputs needed for the finite element analyses using the 
influence line approach, statistical distributions of traffic and climatic conditions were 
developed.  Traffic and climatic input conditions for the state of California were based on 
research published by the Pavement Research Center at the University of California-
Berkeley. 
3.1.2 Traffic Characterization 
Lu et al. (2001) utilized data from over 100 weigh-in-motion (WIM) stations in 
California to characterize the load spectra on key California road corridors as seen in 
Figure 3-3.  These load spectra distributions are differentiated by steer, single, tandem, 
and tridem axles as seen for California Class 9 vehicles in Figure 3-4.  The load spectra 
data helped define the maximum load magnitudes, time of day influences, and 
loaded/unloaded axle ranges, as well as the specific Federal Highway Administration 
(FHWA) vehicle class distributions for use in mechanistic analyses. 
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Figure 3-3.  Locations of California WIM Stations (after Lu et al. 2001). 
 
Figure 3-4.  Example of Load Spectra by Axle Type for California Class 9 Vehicles 
(after Lu et al. 2001). 
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In rigid pavements, the stress fields and maximum stress levels are highly 
dependent on the axle position in relation to the slab edge.  To model the lateral wander 
of applied truck traffic, a standard normal distribution was assumed where the user-
specified mean and standard deviation are required according to equation (3-1). 
( )
( )
⎥⎥⎦
⎤
⎢⎢⎣
⎡ −−
= 2
2
2σ
μx
e
2πσ
1xf        Equation 3-1 
where: 
f(x)  =  normal distribution function 
x =  variable representing distance from slab edge to axle 
μ =  lateral wheel wander mean 
σ   =  standard deviation 
 
In the subsequent finite element analysis, the allowable lateral offset of the axles 
modeled was zero to two feet from the slab edge based on known lateral wander 
distributions.  
3.1.3 Axle Spacing Effects 
With the influence of curling, the spacing between the steer and drive axles and 
their respective load levels can have an impact on stress development in rigid pavements.  
An initial analysis found that cases with 15-foot joint spacing and high levels of negative 
curling, steer-drive axle spacings as large as 21-feet can influence the critical stress level 
and promote top-down cracking in the center of the slab.  Higher load transfer levels 
increase the effective length of the slab and thus loads placed on adjacent slabs can 
influence top-down tensile stresses.  Figure 3-5 shows an example of maximum tensile 
stress levels at each node from an influence line analysis for multiple steer-drive axle 
spacings under an equivalent negative linear temperature differential.  For larger axle 
spacings, the results of the influence line analysis approach the infinite spacing case 
(tandem only) where the steer axle has no effect on the top-down stress development in 
the critical slab.  Steer-drive axle spacings shorter than 12-feet on a 15-foot slab length 
start to approach the tandem only case as well.  By modeling maximum stress in this 
fashion, one single pass of an axle load or a combinations or axle loads will result in one 
repetition and not multiple ones. 
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Figure 3-5.  Effect of Steer-Drive Axle Spacing on Maximum Tensile Stress (12 kip 
Steer, 44 kip Tandem) for 15-foot Joint Spacing and –50˚F Equivalent Temperature 
Differential. 
The spacings between the steer and drive axles were determined for the WIM 
stations in California to form discrete statistical distributions that are highly dependent on 
the specific FWHA truck classification.  The values used for the default axle spacing 
distributions can be found in Figure 3-6.  Steer-drive axle spacings greater than 21-feet 
and smaller than 9-feet are assumed to be separate single and tandem axle loads, since the 
axle spacing effect on top-down stress development at these distances is limited. 
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Figure 3-6.  Average Steer-Drive Axle Spacings for All California WIM Stations 
(after Lu et al. 2001) 
3.1.4 Climatic Influences 
In order to easily incorporate climatic effects into the fatigue damage analyses, 
California was categorized into seven distinct climatic regions (Harvey et al. 2000a).  
Historical data from weather stations in each climatic zone was input into the Enhanced 
Integrated Climatic Model (Larson and Dempsey 1997) to predict cyclical linear 
temperatures through the slab depth for several pavement sections. 
An important input needed for evaluating California rigid pavements is the 
inclusion of EBITD into the analysis.  Rao (2005) defines the EBITD as all factors that 
affect curling and warping in the concrete slab (built-in temperature difference, reversible 
moisture warping, irreversible drying shrinkage) with the exception of cyclical 
temperature curling, which is accounted for in a backcalculation process.  Rao builds 
upon previous work of Eisenmann (1990a, 1990b) and Yu et al. (1998, 2001) in this area 
to develop a specific process using falling weight deflectometer testing.  The EBITD 
level is treated as a linear temperature difference in this analysis, which shifts the 
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frequency distribution of the cyclical, reversible slab linear temperature differences (ΔT) 
to an equivalent temperature difference as demonstrated in Figure 3-7 for the San 
Francisco Bay Area climatic region.  For California, an EBITD level of -30ºF can shift 
the equivalent temperature difference distribution entirely into the negative region, as 
seen in Figure 3-7.  Only different levels of upward curl exist under this EBITD level and 
the slab would never experience a downward curl or full contact with the underlying base 
layer. 
 
Figure 3-7.  Frequency Distribution Shift of Temperature Differential for Bay Area 
due to Effective Built-In Temperature Difference. 
3.1.5 Fatigue Damage Determination  
Damage levels at longitudinal and transverse joint nodes were determined using a 
phenomenological concrete fatigue relationship and employing Miner’s Hypothesis of 
linear damage accumulation (Miner 1945) for all nodes on the top and bottom of the slab 
at the transverse joint and along the longitudinal edge, as seen in equation (3-2). 
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( ) ∑∑∑∑=
i j k l ijkl
ijkl
z y,x, N
n
DamageFatigue      Equation 3-2 
where: 
nijkl  =  Applied number of load applications at condition i, j, k, … 
Nijkl =  Allowable number of load applications at condition i, j, k, … 
i =  Axle combination/spacing 
j   =  Load level  
k   =  Equivalent temperature difference 
l   =  Wander 
x, y, z   =  Cartesian coordinates for nodal location on slab  
 
The damage accumulation procedure was completed for up to 89 nodes for each 
influence line.  By employing a damage accumulation procedure, the impact of the 
expected repetitions of each respective axle load can be assessed.  The damage 
accumulation procedure along the transverse joint and longitudinal edge determines the 
critical damage levels and locations leading to fatigue failure.  The type of distress 
produced (top-down or bottom-up transverse, longitudinal, or corner cracking) depends 
on the interaction of the traffic, climate, and pavement geometry inputs. 
To incorporate the cumulative damage analysis described above, a Visual Basic 
program called RadiCAL (Rigid pavement Analysis for Design In CALifornia) was 
developed (Hiller and Roesler 2005b).  A flow diagram detailing the process from input 
parameters to fatigue damage profiles along the transverse joint and longitudinal edge is 
shown in Figure 3-8.  This program allows for rigid pavements under California climatic 
conditions to be expeditiously analyzed for a variety of traffic inputs, climatic conditions, 
and pavement geometry.  Two separate fatigue transfer functions based on maximum 
stress (Zero Maintenance as defined in Equation 3-3, Darter 1977) and (Mechanistic-
Empirical Pavement Design Guide, MEPDG, ARA 2007) as well as one utilizing stress 
range (Tepfers 1979a, Tepfers and Kutti 1979b) were incorporated into RadiCAL. 
( ) ⎟⎠
⎞⎜⎝
⎛=
MOR
σ17.61 - 17.61  N Log f     (Equation 3-3) 
where: 
Nf   =  number of load application until failure 
σ   =  applied maximum stress level 
MOR   =  modulus of rupture of the concrete 
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Figure 3-8.  RadiCAL Flow Diagram for Mechanistic-Empirical Analysis of JPCP. 
3.1.6 Maximum Stress Determination 
When employing an influence line analysis under fully supported slab conditions, 
the critical tensile stress locations for the pavement structure are typically at the bottom 
of the slab directly below the loaded area.  Critical tensile stresses at the top of the slab 
for each node depend on the interactions between the slab geometry, curling, steer-drive 
axle spacing, joint load transfer, and load position on the slab.  Figure 3-9 demonstrates 
an example of the critical tensile stresses at the top of a slab for each node along the 
longitudinal slab edge using the influence line approach for a 12-foot steer-drive axle 
spacing and a –50˚F equivalent temperature differential on a 15-foot slab length.  With 
this particular axle spacing, 36 different loading positions are run in the influence line 
analysis in order for the full steer-tandem axle assembly to traverse the slab.   Along the 
longitudinal edge at the slab surface, only 6 out of the 36 loading positions were required 
to produce the maximum tensile stresses for all node locations during this axle assembly 
pass.  These 6 loading positions are represented in Figure 3-9 by the distance from the 
starting position of the influence line analysis (first load is two-feet before transverse 
joint in order to have residual curling-related stresses present on slab of interest). 
RadiCAL employs a neural network approach to predict the stresses derived from 
these finite element analysis runs (Khazanovich et al. 2001).  The neural network can 
 
Finite 
Element 
Analysis 
(ISLAB2000)
 
>1,300,000 
runs 
 
~43,000 cases 
before 
influence lines Up to 178 
nodes 
dependent on 
geometry
Nodal 
Stresses
Top and 
bottom of 
slab 
Longitudinal 
edge and 
transverse 
joint 
Neural 
network 
scheme to 
increase 
number of 
cases 
(as of now, 
increased to 
400,000 with 
ability to 
expand much 
further) 
Input 
max and 
residual 
stresses 
into 
RadiCAL
Damage 
calculation
s (max 
stress & 
stress 
Damage 
profiles 
Traffic 
Count/Wander 
Load Spectra 
Vehicle Class 
Distribution 
Axle Spacing 
Climate 
EBITD 
Slab Geometry 
/ Support 
Load Transfer 
35 
determine the maximum stress levels for all nodes along the longitudinal edge and 
transverse joint of the design slab for each axle position.  This assures that the damage 
determined from each axle pass is due to the maximum stress at each node and does not 
rely on the stress values from only one load position as traditional mid-slab edge design 
approaches have utilized (Packard 1984, Zollinger and Barenberg 1989). 
 
Figure 3-9.  Maximum Stress Values at All Top of the Slab Longitudinal Edge 
Nodes for Influence Line Analysis with 12-foot Steer-Drive Axle Spacing and 
Asphalt Shoulders. 
3.1.7 Stress Range in Concrete Fatigue 
When using the influence line approach, a range of stress can also be determined 
for each pass of an axle or set of axles.  Many researchers (Murdock and Kesler 1958, 
Awad and Hilsdorf 1974, Tepfers 1979a, Tepfers and Kutti 1979b) have documented the 
influence of stress range on the fatigue life of concrete.  Recently, Rufino (2003) 
suggested that the use of maximum stress only in airfield rigid pavements might not be the 
best tool for design as it could incorrectly estimate the actual stress responsible for the 
concrete fatigue damage.  By incorporating the stress range concept into fatigue-based 
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design, residual stresses from EBITD and cyclical curling can be considered.  Tepfers 
(1979a, Tepfers and Kutti 1979b) proposed a stress range model for concrete fatigue as 
seen in Equation (3-4), which is utilized in RadiCAL to determine the allowable number 
of loads for a given load/climate combination. 
( ) NlogR1β1
MOR
σ
10
max −−=      Equation 3-4 
where: 
MOR  = concrete modulus of rupture 
σmax  = maximum flexural stress applied during cyclic loading 
σmin  = residual flexural stress in slab before load application 
β  = calibration coefficient (0.0685 for concrete by Tepfers) 
R  = σmin / σmax 
N  = number of loading cycles to failure (at 50% reliability) 
 
The idea of stress range in conjunction with an applied stress ratio concept in rigid 
pavement analysis was first proposed by Domenichini and Marchionna (1981).  They 
utilized a modified Tepfers’ equation by altering the β coefficient from 0.0685 to 0.0954 
to account for factors not present in laboratory beam testing such as varying magnitudes 
of environmental stresses, rest periods in the field, as well as variations in concrete 
properties such as thickness and modulus of rupture.  However, Domenichini and 
Marchionna limited their study to bottom-up transverse cracking at the mid-slab edge 
based on Westergaard’s edge stress equation (1948).  The RadiCAL program uses the 
finite element method for stress determination enabling a large range of additional 
variables (steer-drive axle spacing, EBITD, wander, shoulder type, etc.) and potential 
failure locations that extends the work presented by Domenichini and Marchionna.  More 
recently, researchers (Rao 2005b, Rao and Roesler 2004) have found that the utilization 
of stress range in fatigue was the best predictor of the location of crack initiation from 
accelerated pavement testing studies in California. 
When utilizing the stress range approach in the RadiCAL program, the maximum 
stress is determined from the influence line analysis while the minimum stress is taken as 
the residual stress from the combination of EBITD and the cyclical temperature gradient 
(no mechanical load condition).  With 12-foot wide by 15-foot long slabs under a 
negative gradient, the residual equivalent temperature stresses are higher at the top of the 
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slab along the longitudinal edge, as seen in Figure 3-10.  If the equivalent temperature 
difference were positive, the same geometry and restraint conditions would also force the 
maximum residual stress to be along the longitudinal edge, albeit at the bottom of the 
slab.  These variations in residual stresses create different baselines for the change in 
stress concept in comparison to a traditional maximum stress analysis.  While the 
maximum stress (load plus curl) along any slab may be at the mid-slab longitudinal edge, 
the largest change in stress may not be at the location of the highest residual equivalent 
temperature stress.   A maximum stress analysis can be conducted with RadiCAL, where 
the minimum stress is taken as zero. 
 
Figure 3-10.  Residual Equivalent Temperature Stresses for EBITD = -30˚F on 12-
foot Wide by 15-foot Long Slab with Asphalt Shoulders. 
3.2.   Results using the RadiCAL Software 
This study examines cases run using RadiCAL on 8-inch slabs with dimensions of 
12-feet by 15-feet resting on a Winkler subgrade of 250 psi/in.  Other constants with 
regard to traffic, geometry, materials, etc. can be viewed in Table 3-2.  The statistical 
distribution for traffic and axle spacing utilized in this analysis represent the average 
values found from all California WIM stations (Lu et al. 2001).  The average annual daily 
truck traffic (AADTT) values are held constant in the damage accumulation analysis 
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unless a deviation is otherwise noted.  Fatigue damage values are presented as either 
“absolute damage” (specific damage level determined using Miner’s Hypothesis, 1945) 
or “relative damage” (all damage normalized to highest damage level for a particular 
RadiCAL run). 
Table 3-2.  Fixed Input Values and Range of Input Parameters Available in 
RadiCAL. 
Joint Spacing 12 or 15 ft Two Way AADTT Variable
Slab Width 12 or 14 ft Trucks in Design Direction Variable
Thickness 8, 10, or 12 in Trucks in Design Lane Variable
Design Life Variable
Flexural Strength Variable
Elastic Modulus 4*106 psi         Class 4 1.14%
Thermal Expansion Coeff. 5.5*10-6 / oF         Class 5 23.03%
Poisson's Ratio 0.15         Class 6 5.18%
Mod. of Subgrade Reaction 250 psi/in         Class 7 0.28%
Built-in Curl 0 to -40oF         Class 8 6.66%
        Class 9 50.63%
Transverse Joints 20 to 90%         Class 10 0.63%
Longitudinal Joints 50%         Class 11 8.78%
        Class 12 1.06%
Mean Variable         Class 13 0.10%
Standard Deviation Variable         Class 14 2.52%
Arcata (North Coast) Carbondale
Los Angeles (South Coast) Chicago DuPage
Daggett (Desert) Chicago Midway
Reno, NV (High 
Desert/Mountain) Peoria
Sacramento (Central 
San Francisco (Bay Area)
California
Illinois
Geometry Traffic
Climatic Zones
PCC Materials / Support
CA Avg. Vehicle Class Distribution
Load Transfer Efficiency
Lateral Wheel Wander Distribution
 
Absolute damage is reported to first locate the critical damage locations on the 
slab and to compare the damage magnitude with other input combinations.  An absolute 
damage level of 1.0 does not necessarily mean slab failure in this analysis, as was 
postulated by Miner (1945). Relative damage is used to compare nodes with respect to 
the highest damage level node for a particular set of inputs.   The following sections 
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examine the relative damage and absolute damage level caused by changing inputs shown 
in Table 3-2 as well as their affect on the critical damage location. 
3.2.1 Maximum Stress Analysis 
A large percentage of older concrete pavements across the United States utilize an 
asphalt concrete shoulder.  This shoulder type does not provide stress reduction to the 
concrete slab.  With asphalt shoulders, axles applied near the mid-slab edge produce high 
tensile stresses at the bottom of the slab.  Without restraint from a tied shoulder or 
doweled transverse joint, EBITD levels have been found to be more negative as well 
(Rao and Roesler 2005b). 
Figure 3-11a demonstrates the fatigue damage profile along the bottom of the 
longitudinal edge for asphalt concrete shoulders without the influence of EBITD (0˚F).   
In these relative damage profiles, a negative value indicates the damage is bottom-up, 
whereas a positive value indicates the damage is top-down. The maximum fatigue 
damage location is at mid-slab edge and is predominantly caused by heavily loaded 
single axles.  This finding supports the traditional analysis approach that the maximum 
stress and subsequent bottom-up, transverse fatigue cracking are caused by axles placed 
at the mid-slab edge. 
 
Figure 3-11.  Damage along Top and Bottom of Slab with 0°F and –30˚F Effective 
Built-In Temperature Difference in Bay Area. 
However, by adding a –30˚F EBITD, the predicted fatigue behavior of the rigid 
pavement slab is greatly modified, as seen by the damage profile on the right in Figure 
3-11b.  Due to steer-drive axle spacing effects and the lift-off at the slab corners, the 
critical fatigue damage location is found within 2 feet of mid-slab but is top-down instead 
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of the traditional bottom-up cracking mechanism.  This result agrees well with the 
MEPDG for rigid pavements with respect to critical fatigue damage locations (Darter et 
al. 2001).  The steer-drive axle combinations dominate the critical damage level for this 
case, while single axles only contribute a relatively small portion to the total damage.  
As previously seen from Figure 3-7, a –30˚F EBITD results in a permanently 
curled-up slab for the San Francisco Bay Area climate.  The crossover from bottom-up to 
top-down transverse cracking prediction occurs in the –20 to -25˚F built-in curl range for 
this climatic region. Figure 3-12 shows the fatigue damage levels for the six climatic 
regions found in California with increasing built-in curl levels.  The absolute fatigue 
damage levels minimize between built-in curl levels of –15 and -20˚F.  At EBITD levels 
less negative than this range, bottom-up cracking is predominant and the absolute damage 
level is high.  At EBITD levels more negative than this range, the critical damage 
location results in top-down cracking.  Without considering EBITD, predicted linear 
temperature differentials using the Enhanced Integrated Climatic Model (EICM) model 
range from -16˚F to +21˚F for the coastal climates and -23˚F to +27˚F for the harsher 
inland California climatic regions as seen in Table 3-3. 
EBITD levels of –15 to -20˚C tend to minimize the extreme stress inducing events 
caused under positive linear temperature gradients which traditionally lead to bottom-up 
transverse cracking.  However, this EBITD range also limits the most extreme stresses at 
the top of the slab from loading events under linear negative temperature gradients that 
are typically observed at equivalent temperature differentials greater than -30˚F.  This 
results in a minimization of total damage accumulation for the slab in comparison to an 
EBITD level of 0˚F, but a less predictable failure location, as the relative damage levels 
are similar in several locations along the slab edges. 
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Figure 3-12.  Maximum Damage Levels with Respect to EBITD Magnitudes. 
 
Table 3-3.  Predicted Temperature Differential Extremes (˚F) for California 
Climatic Regions using Enhanced Integrated Climatic Model with Daily Maximum 
and Minimum Temperature Values. 
Climatic Region Representative Weather Station Maximum Minimum Maximum Minimum
Bay Area San Francisco 21.6 -16.4 21.6 -17.1
Central Valley Sacramento 27.7 -22.5 28.3 -23.4
Desert Daggett 26.5 -20.9 26.5 -21.6
High Desert/Mountain Reno, NV 27.4 -23 28.1 -23.8
North Coast Arcata 16.9 -12.8 17.3 -13.3
South Coast Los Angeles 19.4 -13.7 19.4 -14.2
Slab Thickness 8 inches 12 inches
 
3.2.2 Stress Range Approach 
Using the stress range concept without EBITD, the maximum damage location 
remains at the bottom of the mid-slab edge, just as in the maximum stress analysis.  
However, the absolute damage level is more than an order of magnitude less as seen in 
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Figure 3-13.  This trend also remains true for mean lateral wander distributions of 24-
inches and 30-inches at lower negative EBITD levels.  Conversely, at highly negative 
EBITD levels where the critical damage locations change from bottom-up to top-down 
cracking, the difference in absolute magnitude of damage grows between the maximum 
stress and stress range fatigue function. 
 
Figure 3-13.  Maximum Damage Levels with Respect to EBITD and Mean Wander 
Location (18, 24, 30-inches) for Bay Area Climate. 
As the EBITD level becomes more negative, the damage level at the bottom of 
the mid-slab is decreased as the damage levels at other locations on the top of the slab are 
increased.  These opposing trends allow for the critical damage mechanism to switch 
from the traditional bottom-up to top-down cracking.  These lower levels of damage also 
contribute to the unpredictability of the critical damage location as seen in Figure 3-14.  
In this scenario, a –30˚F EBITD in the Bay Area climatic region is analyzed.  With the 
maximum stress analysis, the predominant predicted cracking mechanism was top-down 
around the mid-slab position (Figure 3-11b).  With the stress range concept, the critical 
damage location is at the top of the slab along the transverse joint.  The cumulative 
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damage at the transverse joint is unaffected by axle spacing effects and predicts a 
longitudinal crack 44-inches from the corner of the slab (between the wheelpaths).  
However, the relative damage level at the top of the slab 64-inches from the corner along 
the longitudinal edge is 0.95, which suggests that the critical damage location could occur 
at this location as well and potentially produce a corner crack.  Bottom-up relative 
damage levels along the transverse joint and longitudinal edge are also high, 0.37 and 
0.47, respectively.  The location of the damage along the top and bottom of the 
longitudinal edge corresponds well with findings from Hansen et al. (2001) who observed 
transverse cracking in Tracy, California (Central Valley climatic region) originating 
closer to the leave side of the transverse joint than the approach side. 
 
Figure 3-14.  Relative Damage Levels using Stress Range Approach along Top and 
Bottom of Slab with EBITD = –30˚F in Bay Area.  
If the load transfer efficiency across the transverse joint is increased from 20 to 50 
percent under highly negative EBITD levels, the maximum absolute damage level 
actually increases as the critical damage location changes to the bottom of the 
longitudinal edge less than three feet from the slab corner.  Due to this added shear 
transfer at the transverse joint, the top-down relative damage levels are reduced to 
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roughly 0.2 along both the transverse joint and longitudinal edge.  If the load transfer is 
again increased to 70 percent, the absolute damage level is slightly increased while the 
critical damage location stays the same.   The damage levels along the top of the slab 
become fairly insignificant at the high joint load transfer efficiencies.  Therefore, if the 
load transfer efficiency across the transverse joints is at high levels (e.g., dowels), the 
potential failure locations are limited and more predictable with AC or tied PCC 
shoulder.  This is not necessarily the case when design concrete pavements with widened 
slabs though. With the majority of existing California rigid pavement structures 
undoweled, the resulting unpredictable load transfer efficiencies across the transverse 
joints can lead to significant changes in the expected critical damage levels and locations 
even within the same design section. 
3.3.   Critical Damage Locations 
One important goal of this research was to determine where critical damage can 
occur for California design and climates.  Figure 3-15 is a demonstration of the critical 
damage locations found by varying the EBITD level from 0˚ to –30˚F in steps of 5˚F, 
varying the mean lateral wheel load distribution from 18-inches to 24-inches to 30-
inches, modifying load transfer efficiency, and changing the climatic region.  In the 
asphalt shoulder case, the potential failure zones expand from two to six by using the 
stress range concept instead of the maximum stress analysis.  The stress range concept 
also leads to potential longitudinal or corner cracking.  When utilizing tied shoulders, the 
potential failure zones expand to four with the stress range approach from the two 
determined with the maximum stress analysis.  The only top-down cracking mechanism 
for tied shoulders was found to be transverse cracking near the mid-slab edge from steer-
drive axle spacing effects.  With widened lanes, the maximum stress analysis actually 
exhibited more potential failure locations (three) relative to stress range (one). 
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Figure 3-15.  Potential Maximum Damage Locations Using RadiCAL. 
3.4.   Design Parameters Resulting in Alternative Fatigue Failure Modes 
Using the analysis described above in RadiCAL, the design parameters that 
influence the prediction of these alternative fatigue failure modes can be determined.  
Figure 3-16 shows six damage profiles (stress range fatigue function) along the transverse 
joint and longitudinal edge for a typical 8-inch jointed plain concrete pavement with 
standard lane width and 15-foot joint spacing in the San Francisco Bay Area.  The 
average load spectra, axle spacing distribution from California weigh-in-motion stations 
(Lu et al. 2001) was utilized in this analysis (Appendix A).  A normal distribution for 
lateral wheel wander was assumed in addition to the predicted frequency distribution of 
ΔT in the Bay Area found from the Enhanced Integrated Climatic Model (Larson and 
Dempsey 1997).  These damage profiles assumed low load transfer because the standard 
design in California for many years was aggregate interlock for load transfer between 
slabs.  In Figure 3-16, the only difference between these six damage profiles is the 
EBITD value.  At lower EBITD levels (at 0º, -10º, and -20ºF), the critical damage areas 
result in bottom-up transverse cracking.  However, as the EBITD level approaches -30ºF, 
the damage profile transforms to predict the occurrence of fatigue crack initiation at one 
of multiple failure locations (but not necessarily all) such as: 
• top-down transverse cracking (roughly 30-inches from mid-slab point) 
• bottom-up transverse cracking (40-inches from the transverse joint) 
• top-down longitudinal cracking (44-inches from the shoulder corner 
between the wheels of an axle at the transverse joint) 
• bottom-up longitudinal cracking (32-inches from the adjacent slab corner 
under the wheels of an axle placed at the transverse joint). 
         Asphalt Shoulder      Tied Shoulder         Widened Lane 
             Maximum Stress   Stress Range 
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Figure 3-16.  Relative Edge Damage Levels using Stress Range Approach with 
Variable EBITD under Low Load Transfer (20% or Undoweled) and 15-foot Joint 
Spacing in Bay Area.  
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As the EBITD becomes even more negative, the primary fatigue failure mode 
becomes top-down transverse cracking (again within 30-inches of mid-slab) as the 
stresses from interaction between the steer-drive axle spacing and the slab-lift-off 
becomes dominant.  The location of this top-down transverse cracking failure mode 
agrees well with the findings of the NCHRP 1-37A project (ARA 2007). 
Many California pavements have been designed with a random skewed joint 
spacing concept (12, 13, 19, 18-feet pattern) to reduce the effects of vehicle dynamics 
from the man-made joints.  California and many other transportation agencies are also 
constructing short joint spacing sections to promote lower curling stresses and achieve 
long-life designs.  Therefore, it is important to find the effects of this shorter joint spacing 
design philosophy on predicted fatigue performance.  Figure 3-17 shows the damage 
profiles for the same inputs as described for Figure 3-16, except that the joint spacing 
shown is 12-feet instead of 15-feet.  Just as with the 15-foot sections, RadiCAL predicts 
bottom-up transverse cracking at the lower EBITD levels and a transition towards 
alternative fatigue failure modes as this value approaches -30ºF.  However, due to the 
reduced joint spacing, the top-down transverse cracking failure mode does not develop at 
large EBITD levels.  Instead, top-down longitudinal cracking between the wheels of the 
axles becomes the predominant failure mode due to the unsupported corners as a result of 
the permanent curl.  At  EBITD levels less than -30°F, the slabs will still be curled up 
(negative effective ΔT) even at the highest positive ΔT expected. 
When the long-term load transfer is improved by dowelling, the predicted damage 
profiles using RadiCAL do change.  Figure 3-18 looks at the effect of higher load transfer 
(70%) for the 15-foot joint spacing cases presented in Figure 3-16.  At the low levels of 
EBITD, the damage profiles mirror those with the low load transfer (20%) from Figure 
3-16.  However at -30ºF EBITD, reduced stresses from the load transfer across the 
transverse joint do not result in major fatigue damage accumulation which would produce 
longitudinal cracking.  Instead, bottom-up transverse cracking from heavily loaded single 
axles that push the concave slab into contact with the base within 3 feet of the corner 
control the fatigue damage.  At the larger levels of EBITD, the top-down transverse 
cracking mechanisms from steer-drive axle spacing effects tend to dominate.  While these 
damage profiles were developed for the Bay Area climatic region, the general trends 
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described above are applicable for all climatic regions in the state of California with some 
variance between the more extreme and temperate climates. 
When adding dowels to the 12-foot joint spacings cases with asphalt shoulders as 
seen in Figure 3-19, the trends are different than the undoweled 12-foot slab length case 
from Figure 3-17.  Just as with the doweled case with 15-foot joint spacing, the fatigue 
damage at the transverse joint is severely limited.  One difference in this case, however, 
is that very little top-down damage ensues due to the short joint spacing and interaction 
with the steer-drive axle spacing distribution.  Instead bottom-up transverse cracking is 
moved further away from the mid-slab location as EBITD becomes more severe and 
instead is located mid-way between the mid-slab edge and the corner of the slab. 
It should be noted that with the added load transfer from dowel bars, added 
restraint is placed on the slab which limits the EBITD levels (Rao and Roesler 2003).  
Therefore, extreme levels of EBITD (<-30°F) may not be possible with adequate load 
transfer. For interstate and state highways, most agencies utilize load transfer devices 
which should minimize the occurrence of alternative failure modes using asphalt 
shoulders with lower built-in curl levels.  However, on lower volume roads where 
aggregate interlock is the sole method of load transfer between slabs, high EBITD levels 
and their resulting alternative failure modes are quite possible.  This effect is exacerbated 
by the thinner slabs that are typically designed in these situations as well. 
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Figure 3-17.  Relative Edge Damage Levels using Stress Range Approach with 
Variable EBITD under Low Load Transfer (20% or Undoweled) and 12-foot Joint 
Spacing in Bay Area.  
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Figure 3-18.  Relative Edge Damage Levels using Stress Range Approach with 
Variable EBITD under Moderate Load Transfer (70% or Doweled) and 15-foot 
Joint Spacing in Bay Area.  
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Figure 3-19.  Relative Edge Damage Levels using Stress Range Approach with 
Variable EBITD under Low Load Transfer (70% or Doweled) and 12-foot Joint 
Spacing in Bay Area.  
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3.5.   Conclusions of Initial Mechanistic-Empirical Damage Study 
The design of rigid pavements has traditionally focused on mitigating fatigue 
cracking at the mid-slab edge.  With the advances in characterizing built-in slab curling, 
and proper modeling of steer-drive axle spacing effect, the location of maximum fatigue 
damage and subsequent cracking mode cannot easily be ascertained without a detailed 
analysis. 
An influence line analysis using an existing finite element program was 
completed to model an axle or set of axles passing over a slab for a range of input 
parameters.  The maximum and minimum stress levels at nodes along the longitudinal 
and transverse edge were recorded.  A mechanistic analysis program was developed to 
predict these nodal stresses and complete a cumulative fatigue damage analysis based on 
Miner’s Hypothesis.  The input parameters such as effective built-in temperature 
difference, stress range, shoulder type, joint type, wander, as well as vehicle load and 
configuration highly influenced the critical damage location and magnitude. 
When employing a maximum stress concept in a fatigue transfer function, the 
inclusion of steer-drive axle spacing in combination with highly negative EBITD levels 
resulted in top-down, transverse cracking typically within 2-feet of mid-slab.  This 
occurred when using asphalt or tied shoulders, although the absolute damage level 
benefited from the use of a tied shoulder.  Heavy single axle loads dominated fatigue 
damage at the bottom of the longitudinal edge, while the number of cumulative axles 
passing affected the fatigue damage at the transverse joint.   
The stress range concept incorporates both the maximum and minimum stress 
level into the fatigue damage accumulation process with the residual stresses generated 
from built-in and cyclical temperature differences assigned the minimum stress level.  
The addition of EBITD level, axle spacing, lateral wander distribution, and changing load 
transfer levels to the stress range damage accumulation concept had a dramatic effect on 
the predicted fatigue failure levels and locations.  Without using stress range, critical 
fatigue damage locations are typical to those of existing procedures from this limited 
study.  However, using stress range more accurately portrays the multiple fatigue failure 
locations observed on existing California rigid pavements such as longitudinal, corner, 
and transverse cracking which can initiate at the top or bottom of the slab. 
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CHAPTER 4.  NON-LINEAR TEMPERATURE EFFECTS ON CONCRETE 
PAVEMENT SLAB RESPONSE 
4.1.   Introduction 
Since Westergaard’s solution for temperature curling (1927) and the subsequent 
graphical solution for curling stresses (Bradbury 1938), the assumption of a linear 
temperature change through the depth of the slab has been standard.  As early as the 
1930’s, it was reported that actual temperature profiles through the slab thickness was 
highly non-linear (Teller and Sutherland 1935).  With regard to the measured magnitude 
of the resultant stresses from temperature, Teller and Sutherland also noted that “stresses 
arising from restrained temperature warping are equal in importance to those produced by 
the heaviest legal wheel loads.”  Subsequent researchers have also noted the observed 
non-linearity of the temperature profile on concrete slabs (Mirambell 1990, Choubane 
and Tia 1992, 1995, Harik et al. 1994, Mohamed and Hansen 1997, Masad et al. 1996, 
Ioannides and Salsilli-Murua 1999, Lee and Darter 1993). 
The first researcher to address the issue of stress development due to non-linear 
temperature profile was Thomlinson in 1940.  He proposed subdividing stresses due to 
the total non-linear temperature profile into three parts (Figure 4-1): 
 
Figure 4-1.  Stress Components due to Non-Linear Temperature Profile. 
The axial strain component (a) of the total temperature profile is that which is 
caused by uniform temperature changes and results in either an expansion or contraction 
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of the slab evenly through the thickness.  Resistance to movement from underlying layers 
and neighboring slabs could generate stresses in the slab as a result of this uniform 
temperature profile.  However, this restraint is generally assumed to be minimal and 
therefore this axial strain would not result in significant slab stresses and is generally 
ignored.  However, at early concrete ages this assumption is not valid. 
Component (b) is the equivalent linear bending strain derived from the nonlinear 
temperature profile by assuming the slab is fully restrained or if there is significant slab 
self-weight.  The equivalent linear bending strain can be quantified as an equivalent 
linear temperature difference. This equivalent linear temperature difference produces the 
same moment (stress) as the resultant total temperature profile minus the uniform 
temperature profile. Load-induced bending stresses also assume a linear stress profile in 
the medium-thick plate theory.  According to Westergaard (1927), the maximum tensile 
stress in a concrete slab at the interior of the slab is traditionally defined as: 
( )μ
ασ −
Δ=
12
TE         (Equation 4-1) 
where: 
E  = modulus of elasticity of the concrete 
α  = coefficient of thermal expansion of the concrete 
ΔT  = linear temperature difference from top to bottom of slab 
μ = Poisson’s ratio of concrete 
 
As this Westergaard solution is for an infinitely long slab, Bradbury (1938) 
implemented a correction factor to the Westergaard solution for slabs of finite 
dimensions.  The tensile stress in a concrete slab then becomes 
( )( )21212 CCTE μμασ +−Δ=       (Equation 4-2) 
where: 
C1 = Bradbury coefficient in the direction under investigation 
C2 = Bradbury coefficient in the perpendicular direction. 
When the slab is square C1 = C2 = C, the tensile stress simplifies to 
( )μ
ασ −
Δ=
12
TCE         (Equation 4-3) 
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where C, the Bradbury coefficient, can be written as 
( )
λλ
λλλλ
2sinh2sin
tanhtancoshcos21 +
+−=C     (Equation 4-4) 
where:  
8A
L=λ         (Equation 4-5) 
and where: 
L = free length or width of the slab 
A = radius of relative stiffness 
 
The radius of relative stiffness is then defined as:  
( )4 2
3
112 k
Eh
μ−=A        (Equation 4-6) 
where: 
h = depth of the concrete slab 
E = modulus of elasticity of the concrete 
k = modulus of subgrade reaction 
 
The final component (c) is the non-linear self-equilibrating internal strains such 
that all forces and bending moments due to this component of the non-linear temperature 
profile are self-balancing.  While this non-linear component will affect both the 
compressive and tensile strains in the slab at different depths, it does not affect the 
deflection profile of the slab (Ioannides and Khazanovich 1998).  It is this non-linear 
stress component that routinely goes unaccounted for in stress prediction of concrete 
slabs.  It is also very difficult to validate the magnitude of this stress component. 
The strain causing components of the true temperature profile can be expressed as 
the following individual temperature components as seen in Equation (4-7). 
)()()( zTzTTzT SESLA ++=       (Equation 4-7) 
where: 
T(z)  =  Total temperature profile as a function of depth 
TA  =  Axial temperature component 
TL(z)  =  Linear temperature component as a function of depth 
TSES(z) =  Non-linear (self-equilibrating) temperature component as a  
function of depth 
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The shape of the temperature profile can be expressed as a polynomial function.  
The polynomial can be expressed to the order (n-1), where n represents the discrete 
number of temperatures used to approximate the continuous temperature function. 
4.2.   Quadratic Temperature Profile Method 
While some researchers (e.g., Mohamad and Hansen 1997, Jeong and Zollinger 
2005) have used a third order polynomial to represent actual temperature profiles in 
concrete pavements, this complicates the interaction between the linear temperature 
stresses and the self-equilibrating stresses from the non-linear temperature component.  
To properly utilize a third order or higher polynomial to express the temperature induced 
strains, one would need to determine an equivalent temperature difference (ΔTeq) which 
is not equal to the actual ΔT.  The equivalent temperature difference can be derived 
through the use of a temperature moment concept (Janssen and Snyder 2000), which will 
be discussed later in this chapter. 
Ioannides and Khazanovich (1998) note that if only a second order polynomial is 
utilized to express the temperature profile, the actual difference in temperatures between 
the top and bottom of the slab (ΔT) is the only component that contributes to the linear 
bending strains in a concrete slab.  Therefore, concrete slabs with either a linear or non-
linear (quadratic) temperature profile would have identical bending moments and 
deflection profiles, although the total stresses would be quite different due to effects of 
the nonlinear self-equilibrating stresses. 
Choubane and Tia (1995) showed that many temperature profiles can be captured 
well by assuming this quadratic function of temperature through the depth of the slab.  
The quadratic temperature function can be expressed mathematically using equation (4-
8). 
2)( CzBzAzT ++=        (Equation 4-8) 
 
where A, B, and C are regression coefficients based on the measured slab 
temperature profile, z is the location from the bottom of the slab, and the temperature 
profile consists of the three strain causing components discussed previously. 
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For the conditions defined in Figure 4-2 given the temperatures at the top, middle, 
and bottom of the slab, the coefficients for quadratic temperature function presented in 
equation (4-8) can be derived as the following: 
botTA =        (Equation 4-9) 
h
TTT
B topbotmid
−−= 34      (Equation 4-10) 
( )
2
22
h
TTT
C midtopbot
−+=      (Equation 4-11) 
 
Figure 4-2.  Definition of Terms for Determination of Quadratic Temperature 
Profile Coefficients. 
While the temperatures at the top, middle, and bottom of the slab were utilized in 
determining equations (4-9 through 4-11), any three discrete temperatures through the 
depth of the slab could be used to characterize a continuous quadratic expression.  In the 
vast majority of actual temperature profiles, the greatest change in measured temperature 
though the depth of the slab occurs within the top few inches of the slab due to the high 
impact of solar radiation, air temperature, and wind on the pavement surface temperature.  
This is true for both positive gradients in the daytime as well as negative gradients in the 
nighttime.  Therefore, a quadratic expression that utilizes both the top and bottom 
temperatures of the temperature profile in addition to a temperature at z = 3h/4 (T3/4 as 
defined from Figure 4-2) may better capture the non-linearity of the total temperature 
profile.  When doing this, the coefficients expressed in equations (4-9 through 4-11) can 
be rewritten as seen in equations (4-12 through 4-14). 
botTA =*        (Equation 4-12) 
h
TTT
B topbot
3
9716
* 4/3
−−=      (Equation 4-13) 
z 
T(z) 
h Tmid 
h/2 
Ttop 
Tbot 
T3/4 
3h/4 
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( )
2
4/3
3
434
*
h
TTT
C topbot
−+=      (Equation 4-14) 
The formulation for calculating the total curling stresses based on the axial, linear, 
and nonlinear components has been developed and presented by many researchers 
(Choubane and Tia 1995, Mohamad and Hansen 1997, Ioannides and Khazanovich 1998, 
Rodden 2006).  The closed-form equations developed are presented herein to tie the 
determination of the quadratic temperature profile coefficients to the three components of 
temperature stress in concrete pavements. 
Using the quadratic temperature profile T(z) from Equation (4-8), the total stress 
σT(z) due to this temperature profile can be calculated as the following: 
( )
μ
ασ −= 1)(
zTE
zT       (Equation 4-15) 
The average axial stress can then be calculated as: 
( )dzzTE
h
h
A ∫ −= 0
___
1
1
μ
ασ       (Equation 4-16) 
Substituting the relationship for T(z) and integrating gives a relationship between 
the quadratic coefficients and the average axial stress in the concrete slab as seen in 
Equation (4-17). 
⎥⎦
⎤⎢⎣
⎡ ++−= 321
2___ ChBhAEA μ
ασ      (Equation 4-17) 
The next step is to solve for the equivalent linear moment that gives the difference 
between the total and average axial stress as defined below: 
( ) dzzChBhACzBzAEdzzM hh ATL ∫∫ ⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ++−++−=⎟⎠
⎞⎜⎝
⎛ −=
0
2
2
0
___
321 μ
ασσ  
(Equation 4-18) 
Integrating over the depth of the slab gives the relationship in Equation (4-19). 
⎟⎟⎠
⎞
⎜⎜⎝
⎛ +−= 12121
43 ChBhEM L μ
α      (Equation 4-19) 
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The equivalent linear stress component of the temperature can now be solved as 
follows: 
( ) ( ) ( )[ ]221
12
2
3
hzChhzBE
bh
hzM
I
Mc L
L −+−−=
−== μ
ασ  (Equation 4-20) 
When applying the set of coefficients from Equations (4-9 through 4-11) or (4-12 
through 4-14) to the resulting relationship in Equation (4-20), the equation matches the 
Westergaard solution seen in Equation (4-3) for an infinite slab.  This proves that the 
equivalent linear moment for a non-linear temperature profile using a second order 
polynomial matches that of one with an assumed linear temperature profile. However, 
this is not true for higher order polynomials. 
To find the self-equilibrating stress due to the non-linearity in the temperature 
profile, the linear and average axial stress functions must be subtracted from the total 
temperature stress function as seen in Equation (4-21). 
⎟⎠
⎞⎜⎝
⎛ −−= ___ALTSES σσσσ      (Equation 4-21) 
Substituting Equations (4-15), (4-17), and (4-20) into Equation (4-21) yields a 
relationship between the quadratic temperature profile coefficients and the self-
equilibrating axial stresses to compensate for the non-linearity in the temperature profile 
with depth. 
⎥⎦
⎤⎢⎣
⎡ +−−= 61
2
2 hhzzECSES μ
ασ     (Equation 4-22) 
It is important to note that this self-equilibrating component due to the non-linear 
temperature profile does not cause bending or expansion of the slab, but is only due to 
thermal strains that distort the pavement cross-section (Khazanovich 1994). 
4.2.1 Example of Self-Equilibrating Stress Calculation using Quadratic Profile 
Function 
Figure 4-3 shows an example of a typical extreme daytime and nighttime 
temperature profile from Enhanced Integrated Climatic Model, EICM (Larson and 
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Dempsey 1997).  The predicted temperature profile data is for an 8 inch concrete slab in 
Los Angeles, California and the slab’s temperature difference is also noted in Figure 4-3. 
 
Figure 4-3.  Typical Daytime and Nighttime Temperature Profiles for Los Angeles. 
 
Figure 4-4 shows the change in stress distribution at the interior of the slab for the 
daytime temperature profile shown in Figure 4-3 for a linear to non-linear temperature 
profile assumption. The nonlinear profile used a quadratic assumption with temperature 
data taken from the top, bottom, and middle of the slab.  This non-linearity at the top of 
the slab is compensated by adding compressive stresses near the top and bottom of the 
slab (a maximum of 125.6 psi at both the top and bottom of the slab) while adding tensile 
stresses in the middle portion of the slab.  The added compressive stress at the top of the 
slab during the daytime places the top of the slab in further compression.  As concrete has 
excellent compressive strength properties, this additional compressive stress is negligible 
in fatigue of the slab.  However, this 125.6 psi compressive stress addition to the bottom 
of the slab reduces the temperature stress from 341 psi to 215 psi.  Using the 
temperatures at the bottom, 3/4 of the depth, and top of the slab would yield a maximum 
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axial compressive stress component of 138.4 psi, reducing the tensile stress at the bottom 
of the slab even greater.  Regardless of the quadratic assumption methods used, the 
utilization of the non-linear temperature profile would increase the predicted bottom-up 
fatigue cracking life. 
  
Figure 4-4.  Temperature Stresses for Non-Linear and Linear Profile Assumptions 
for Typical Daytime Los Angeles Temperature Profile. 
 
Conversely, Figure 4-5 shows the effect of using nighttime non-linear temperature 
profiles on temperatures stresses in the same slab.  Using the nighttime non-linear 
temperature profile from Figure 4-3, tensile stresses are added at the top and bottom of 
the slab to the bending stresses found from the linear temperature assumption.  In this 
case, the bottom of the slab was under compression (142 psi) and this stress in tension 
reduced the compression in the slab by 46.6 psi to a level of 95 psi in compression, 
assuming the quadratic profile assumption with the top, bottom, and middle slab 
temperatures.  The top of the slab was previously assumed to be in tension at 142 psi 
under the linear temperature profile assumption.  With the addition of the self-balancing 
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stresses, the top of the slab undergoes a larger tensile stress of 188 psi.  Using the 
temperatures at the top, ¼ of depth, and bottom of the slab for the quadratic profile 
assumption yields a maximum tensile stress at the top and bottom of approximately 46.1 
psi for the self-equilibrating stress.  Nevertheless, this increase in tensile stress at the top 
of the slab should lead to a decrease in fatigue life for cracks that propagate from the top 
down. 
 
Figure 4-5.  Temperature Stresses for Non-Linear and Linear Profile Assumptions 
for Typical Nighttime Los Angeles Temperature Profile. 
4.3.   NOLA Concept 
Since the utilization of non-linear temperature profiles will likely have significant 
impact on stress development and subsequent fatigue life predictions in concrete 
pavement slabs, a method for accounting for these self-equilibrating stresses is needed to 
assess predicted fatigue damage development using the RadiCAL software (Hiller and 
Roesler 2005b). The consideration of nonlinear temperature distribution and built-in 
curling in the MEPDG (ARA 2007) has resulted in a significant prediction of top-down 
0
1
2
3
4
5
6
7
8
-200 -150 -100 -50 0 50 100 150 200
Stresses (psi)
D
ep
th
 F
ro
m
 T
op
 o
f S
la
b 
(in
ch
es
) Non-linear temp
Linear Temp
Tension is positive
Δ T = -12.06 o F
σSES = +46.6 psi              at 
top and bottom of slab
63 
fatigue cracking outputted by the design software as confirmed through several cases run 
for the state of Illinois. 
While non-linear temperature stresses are accounted for in the MEPDG software, 
there are some limitations to the methodology employed.  The MEPDG allows for the 
total stresses due to load and a non-linear temperature profile to be correctly predicted, 
but only at five locations of interest (one at the bottom of the slab and four on the top of 
the slab along the longitudinal edge).  However, since RadiCAL predicts stresses and 
calculates fatigue damage at up to 178 nodal locations at both the top and bottom of the 
slab, a generalized scheme to account for self-equilibrating stresses from the non-linear 
portion of the temperature profile in addition to load an temperature bending stresses is 
required. 
One such way to accomplish this is to develop a parameter to capture the level of 
non-linearity in any given temperature profile that can be directly related to the self-
equilibrating stresses.  This allows for post-processing of finite element cases that have 
been conducted using a combined linear temperature difference and external load 
analysis.  These self-equilibrating stresses can then be added or subtracted from the load 
and linear temperature cases at individual nodes to capture the effect on non-linear 
temperature on fatigue damage development using RadiCAL. 
To do this, a parameter named NOLA (NOn-Linear Area) was developed.  NOLA 
can be defined as the area between the actual temperature profile and a linear temperature 
assumption (using the top and bottom temperatures) on a plot of temperature and depth of 
the slab.  It can also be defined as the difference between the average temperature stress 
and the linear temperature profile assumption.  Mathematically, it can be expressed as 
seen in equation (4-23) where z=0 is the bottom of the slab. 
( ) ( )[ ]dzzTzTNOLA h linear∫ −=
0
     (Equation 4-23) 
where: 
T(z)   =  Actual temperature profile function 
Tlinear(z)  =  Linear assumption temperature profile function (= ΔTz/h) 
h   =  depth of the concrete slab 
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If the temperature profile is truly linear or uniform, then the NOLA term would 
indicate a value of zero, which means no internal self-equilibrating stresses are present. 
The NOLA term has a maximum value of ±1/2hΔT except in extremely rare instances. 
Using the example temperature profiles from Figure 4-3, the NOLA values can be 
calculated using a trapezoidal method of integration to be +41.5 ºF*in and -15.2 ºF*in for 
the positive and negative temperature profiles, respectively, as seen in Figure 4-6.  The 
positive NOLA would lead to a compressive stress at the top and bottom of the slab 
added to the stress found using linear temperature gradients, while a negative NOLA 
value would conversely add a self-equilibrating tensile stress at the top and bottom of the 
slab. 
 
Figure 4-6.  Graphical Representation of NOLA for Two Typical Temperature 
Profiles. 
Using the coefficients derived to satisfy equation (4-8) using the temperatures at 
the top, middle, and bottom of the slab (equations 4-9 through 4-11), the derivation of 
NOLA from equation (4-23) can be written as seen below for a quadratic temperature 
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distribution.  In this equation, all temperatures are relative to the temperature at the 
bottom of the slab, thereby making the temperature at the top of the slab equal to ΔT. 
dzz
h
Tz
h
TT
z
h
TT
NOLA
h
midmid∫ ⎥⎦
⎤⎢⎣
⎡ Δ−−Δ+Δ−=
0
2
2
424
 (Equation 4-24) 
Integrating and evaluating the limits in equation (4-24) results in the NOLA term 
being directly related to ΔT and a second relative temperature as seen in equation (4-25).   
Conducting the same formulation using the coefficients from equations (4-12 through 4-
14) for the top, 3/4 of slab depth, and bottom temperatures will result in a similar 
relationship as seen in equation (4-26). 
h
TTNOLA midmid 3
2 Δ−=      (Equation 4-25) 
hTTNOLA
9
68 4/3
4/3
Δ−=      (Equation 4-26) 
where: 
ΔT   =  Actual temperature difference from top to bottom of slab 
Tmid   =  Temperature at middle of slab depth 
T3/4   =  Temperature at ¼ of the depth from top of slab 
 
To characterize the level of temperature non-linearity expected, 30 years of hourly 
weather data from six weather stations across California and Nevada (Arcata, Daggett, 
Los Angeles, Reno, Sacramento, and San Francisco) was used in the EICM model to 
predict non-linear temperature profiles to represent the seven climatic regions in 
California as seen in Figure 4-7.  Three of the weather stations represent more temperate 
weather influenced by the Pacific Ocean (Arcata, San Francisco, and Los Angeles), while 
the other three weather stations (Daggett, Reno, and Sacramento) have more extreme 
temperature swings on a daily basis and are protected from direct temperature influence 
of the ocean by mountain ranges and elevation differences. 
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Figure 4-7.  Locations of Representative California Weather Stations. 
While the NOLA value allows the level of non-linearity to be expressed in a 
single variable with the assumption of a quadratic temperature profile, it is not a unique 
parameter as it is dependent on ΔT.  Therefore, a two parameter model to characterize the 
level of non-linearity was utilized for the California temperature profiles, which utilizes 
both the NOLA value as well as the temperature difference from the top of the slab to the 
bottom (ΔT).  By discretizing the NOLA values by the actual ΔT as seen in the three-
dimensional plot in Figure 4-8, similar temperature profiles that produce comparable self-
equilibrating stresses can be discretized together to form statistical distributions for use in 
fatigue analysis in the RadiCAL program. 
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Figure 4-8.  Example Plot of T and NOLA Relationship for 8-inch JPCP in Los 
Angeles, California. 
The self-equilibrating stresses for a quadratic temperature profile are dependent 
on one quadratic coefficient, C, as previously seen in equation (4-22).  Solving the 
relationship in equations (4-25) and (4-26) in terms of Tmid or T3/4 results in the following 
equations. 
22
3 T
h
NOLAT midmid
Δ+=      (Equation 4-27) 
4
3
8
9 4/3
4/3
T
h
NOLA
T Δ+=      (Equation 4-28) 
Equations (4-27) and (4-28) can then be substituted into equations (4-11) and (4-
14) for the quadratic profiles using the middle and 3/4 depth temperatures, respectively.  
Both methods then result in the coefficient, C, being expressed in terms of only the 
NOLA value and the thickness of the slab. 
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Substituting equation (4-29) into the generalized equation (4-22) for self-
equilibrating stresses under a quadratic temperature profile results in a direct relationship 
between NOLA and the self-equilibrating stress at any slab depth as seen in equation (4-
30).  Equation (4-31) provides this link for the self-equilibrating stress at either the top or 
bottom of the slab, while equation (4-32) is applicable at the mid-depth of the slab. 
⎟⎟⎠
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depthmidatSES     (Equation 4-32) 
Utilizing this three-dimensional frequency relationship between NOLA and ΔT, 
equation (4-31) can be used to directly calculate the level and frequency of the maximum 
self-equilibrating stresses at the top and bottom of the slab for any climatic location.  
Figure 4-9 shows a direct relationship between self-equilibrating stress and ΔT for Los 
Angeles (a), Daggett (b), San Francisco (c), Sacramento, (d), Arcata, California (e), and 
Reno, Nevada (f) without having to plot the frequency of NOLA.  The coastal climates 
are to the left of Figure 4-9, while the inland climates are on the right of this same figure. 
The coastal climate profiles show a higher frequency of low self-equilibrating 
stresses and ΔT relative to the inland climate profiles.  The inland profiles not only show 
a greater range of expected ΔT, but also a greater range of maximum self-equilibrating 
stresses.  More extreme climates can produce both high levels of curling (ΔT) as well as 
large maximum self-equilibrating stresses at the top and bottom of the slab due to more 
sudden environmental changes. 
The three-dimensional plots in Figure 4-9 can show multiple peaks of temperature 
difference and self-equilibrating stresses.  This is due to the hysteretic nature of heating 
and cooling of slabs, particularly in cases such as concrete slabs where the influence of 
the sun and wind on the top of the slab is much more significant than that at the bottom. 
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Figure 4-9.  Comparison of T and Self-Equilibrating Stress Frequency Relationship 
for a.) Los Angeles, b.) Daggett, c.) San Francisco, d.) Sacramento, e.) Arcata, 
California, and f.) Reno, Nevada. 
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While large positive NOLA values increase the maximum compressive self-
equilibrating stresses and subsequently reduce the combined temperature and load-
induced stresses at the bottom of the slab, top-down tensile stresses are greatly 
exacerbated under high EBITD and negative NOLA values such as those in arid climates.  
Similar designs under the same traffic would generally lead to reduced fatigue life in the 
more extreme location, such as Daggett.  Since Los Angeles is a coastal climate along the 
Pacific Ocean, large temperature swings are less likely than an area more inland such as 
Daggett (roughly 140 miles from Los Angeles).  This difference in proximity to the 
tempering effects of the ocean, the influence of mountain ranges between these two 
locations (San Gabriel and San Bernadino Mountains), and elevation differences (roughly 
2000 feet) can drastically change the expected distribution of both the temperature 
difference and maximum self-equilibrating stresses.  This same trend is observed between 
San Francisco and Sacramento as well as Arcata and Reno. 
4.4.   Piecewise Non-Linear Temperature Profile Stress Calculation 
 Another process to calculate self-equilibrating stresses from a non-linear 
temperature profile is to use a piecewise integration approximation by assuming linear 
temperature change from known discrete temperatures through the depth of the concrete 
slab.  This process was first utilized in the rigid pavement finite element code Illislab 
(Khazanovich 1994) to calculate non-linear temperatures stresses in the slab.  This 
method is considered to be inherently more accurate than a quadratic temperature profile 
since many temperature profiles cannot be properly matched with the quadratic 
assumption.  A comparison between the piecewise method and the simpler NOLA 
method can assist in assessing the potential viability of utilizing the quadratic temperature 
profile assumption for the analysis and design of rigid pavements. 
Just as with the quadratic temperature profile method, the piecewise method 
involves the division of the total temperature profile into three temperature components 
(average axial, linear bending, and self-equilibrating).  However, the complex task in this 
method is the calculation of the linear gradient that induces the equivalent bending 
moment from any given non-linear temperature profile. This is achieved through the use 
of the temperature-moment. 
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4.4.1 Temperature-Moment Concept 
The theory of a temperature-moment in concrete slabs and beams has been 
explored in many fundamental textbooks over the years (Timoshenko and Lessells 1925, 
Bradbury 1938, Boresi 1965).  Janssen and Snyder (2000) recently used the temperature 
moment concept to characterize the equivalent linear temperature stress based on the 
nonlinear temperature profile.  
Figure 4-10 shows an example temperature profile and the calculation of the 
temperature moment. The temperature profile is divided into small sectional areas with 
the units of Temperature*distance. The thickness of each specific area is defined by the 
thickness of slab that the specific area represents. The temperature for each distinct area 
is defined as the difference between the average temperature for that particular area and 
the average temperature of the entire profile.  The average temperature of the profile is 
calculated using the trapezoidal method as seen in Equation (4-33). 
n
TTT
T
n
n
i
avg
2
1
2
1
1
1
0 ++
=
∑−
     (Equation 4-33) 
where: 
Tavg   =  Average temperature of profile through depth 
T0 … Tn =  Temperature at top and bottom of slab, respectively 
Ti   =  Discrete temperature reading 
n   =  Number of discrete temperatures in profile at equal spacing 
 
 Each area is multiplied by the moment arm from the bottom of the slab to the 
centroid of the area using the right-hand rule to derive the temperature-moment 
contribution for each specific area.  The TM for the entire temperature profile can then be 
found by summing the individual area’s temperature moments with units of 
temperature*distance2.  A slab with a uniform temperature will have TM=0.  In general, 
TM is negative if the top of the slab is warmer than the bottom and positive if the slab is 
warmer on the bottom.  As the temperature profile becomes more non-linear, the TM will 
start to approach zero as an extremely non-linear profiles starts to approach a uniform 
temperature profile.   
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Figure 4-10.  Example Temperature-Moment Calculation (after Janssen and Snyder 
2000). 
 
TM has a direct relationship to the equivalent linear temperature difference 
(ΔTeq), which can be defined as the temperature difference which gives the same bending 
moment as the non-linear temperature profile as seen in equation (4-34) (Janssen and 
Snyder 2000). 
2
*12
h
TMTeq
−=Δ       (Equation 4-34) 
where: 
ΔTeq   =  Equivalent linear temperature difference from top to  
bottom of slab  
TM   =  Temperature moment 
h   =  Thickness of the slab 
 
When the temperature profile is either linear, uniform, or can be expressed as a 
quadratic function, then the actual ΔT (Ttop – Tbottom) is equal to the ΔTeq.  If these 
conditions are not true however, then ΔTeq and ΔT are unequal. 
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From the equivalent linear temperature difference, the equivalent linear 
temperature for any point through the slab can be determined from equation (4-35).  
Equation (4-35) assumes that the temperature at middle of the slab is zero and all the 
temperatures through the depth of the slab are relative to this value. 
( ) z
h
TT
zT eqeqlinear
Δ−Δ=
2
     (Equation 4-35) 
where: 
Tlinear(z) =  Relative temperature as a function of z 
ΔTeq   =  Equivalent linear temperature difference from top to  
bottom of slab 
z   =  Distance from top of slab to specified depth 
 
For the top and bottom of the slab, equation (4-35) simplifies to equations (4-36) 
and (4-37), respectively, which again is relative to the middle slab temperature of zero. 
( )
2
eq
linear
T
hT
Δ=       (Equation 4-36) 
( )
2
0 eqlinear
T
T
Δ−=       (Equation 4-37) 
where: 
Tlinear(h) =  Equivalent linear temperature at bottom of slab 
Tlinear(0) =  Equivalent linear temperature at top of slab 
 
4.4.2 Piecewise Non-Linear Self-Equilibrating Stresses 
After the average and equivalent linear temperatures have been calculated, the 
non-linear temperature component can be calculated at any depth using equation (4-38), 
which follows the form of equation (4-7) and as graphically noted in Figure 4-1.  
Equation (4-38) takes into account the average, equivalent linear, and actual temperatures 
at a specified depth with respect to the reference temperature at the bottom of the slab 
(Tn).  Note, the derivations for the average temperature and equivalent linear temperature 
are already relative to this bottom temperature. 
( ) [ ] ( )[ ] ( )[ ]nnllinearavgn TzTzTTTzT −++=−    (Equation 4-38) 
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This equation can more simply be re-written as: 
( ) ( ) ( )zTTzTzT linearavgnl −−=      (Equation 4-39) 
where: 
Tnl(z)  =  Relative non-linear temperature component at specified  
depth 
Tavg   =  Average temperature of profile through depth 
T(z)   =  Actual temperature at specified depth 
Tn   =  Actual temperature at bottom of slab 
 
Equation (4-39) simplifies to Equations (4-40) and (4-41) for the top and bottom 
of the slab, respectively. 
( ) ( )hTThT linearavgnl −−=      (Equation 4-40) 
( ) ( )00 linearavgnl TTTT −−Δ=      (Equation 4-41) 
where: 
ΔT   =  Actual temperature difference from top to bottom of slab 
Tnl(h)  =  Relative non-linear temperature component at bottom 
Tnl(0)   =  Relative non-linear temperature component at top 
 
These relative non-linear temperatures can then be converted into non-linear self-
equilibrating stress at any specified depth using equation (4-42). 
( ) ( )zTEz nlSES μ
ασ −= 1       (Equation 4-42) 
where: 
σSES(z)  =  Self-equilibrating stresses at specified depth 
For non-linear temperature implementation in RadiCAL, only stresses at the top 
and bottom of the slab are analyzed.  Therefore, equations (4-43) and (4-44) can be 
utilized in this process to calculate the self-equilibrating stresses due to any given non-
linear temperature profile and provide an accurate comparative value to assess the 
validity of the NOLA method to account for self-equilibrating stresses due to non-linear 
temperature profiles in concrete slabs. 
( ) ( )hTEh nlSES μ
ασ −= 1       (Equation 4-43) 
( ) ( )0
1
0 nlSES T
E
μ
ασ −=       (Equation 4-44) 
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4.5.   Comparison of Quadratic to Piecewise Non-Linear Temperature Stresses 
Using the example temperature profiles from Figure 4-3, the non-linear self-
equilibrating stresses can be found using both the NOLA method and the piecewise 
method as seen in Figure 4-11.  For both the daytime and nighttime profiles using any 
method, the self-equilibrating stresses at mid-depth and shape of these profiles appear to 
be similar.   Since the stresses at the top and bottom are critical for crack initiation, Table 
4-1 shows the summary of self-equilibrating stresses at the top and bottom of the slab for 
each method utilized.  For the nighttime condition, both NOLA methods reasonably 
match the piecewise method at both the top and bottom of the slab, producing self-
equilibrating axial tension between 43 and 47 psi at the top and bottom of the slab 
depending on the method used.  Since the nighttime profile in Figure 4-3 was matched 
quite closely using a quadratic temperature profile, it is not a surprise that the three 
techniques produce similar results. 
 
Figure 4-11.  Comparison of Self-Equilibrating Stresses by Method of Calculation 
through Slab Depth. 
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Table 4-1.  Comparison of Self-Equilibrating Stresses by Method of Calculation at 
Top and Bottom of Slab (Tension is Negative). 
 Actual 
ΔT 
(oF) 
ΔTeq 
(oF) 
σSES-top (psi) σSES-bottom (psi) 
 NOLAmid NOLA3/4 Piecewise NOLAmid NOLA3/4 Piecewise
Night -12.06 -11.98 -46.6 -46.1 -45.7 -46.6 -46.1 -43.7 
Day 28.98 27.71 125.6 138.4 136.9 125.6 138.4 107.1 
 
The nonlinear stress components calculated from the daytime temperature profile 
do not match as closely as they did for the nighttime profile.  At the top of the slab, the 
NOLA3/4 method matches the piecewise method quite well (1.5 psi difference), while the 
NOLA1/2 method is slightly more imprecise (12.3 psi difference).  At the bottom of the 
slab, both quadratic methods do not match the piecewise method well.  Since the 
quadratic temperature profile assumption produces no change in the equivalent bending 
moment (ΔT = ΔTeq), the self-equilibrating stresses are the same at the top and bottom of 
the slab.  This assumption is not true with the piecewise method as the self-equilibrating 
stress at the top (136.9 psi compression) does not match the bottom (107.1 psi 
compression).  With most daytime temperature profiles, this bottom stress is most 
important since there is a better chance of the stress at the bottom of the slab being the 
most critical stress.  In this example, both NOLA methods would reduce the total tensile 
bending stress due to curling at the bottom of the slab by more than is suggested using the 
piecewise method, thereby artificially decreasing the projected fatigue damage from 
bottom-up cracking.  This difference will be somewhat compensated by the difference in 
ΔTeq in the NOLA and piecewise methods (28.98ºF and 27.71ºF in this case, 
respectively), but that is not enough to fully compensate for the difference in self-
equilibrating stresses at the bottom of the slab. 
4.5.1 Comparison of Quadratic NOLA to Piecewise Total Non-Linear Temperature 
Stresses 
While the use of the NOLA concept demonstrated varied success in matching 
self-equilibrating stresses of the piecewise solution, this section will look at comparing 
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both the NOLA1/2 and NOLA3/4 methods in comparison with the more accurate piecewise 
method in terms of total temperature stress prediction (σlinear + σSES). 
Using five years of predicted hourly temperature profiles from ICM (Larson and 
Dempsey 1997) for Daggett, California, Figure 4-12 shows a direct comparison between 
the total temperature stress (σlinear + σSES) using the NOLA1/2 and piecewise calculation 
methods at the top of the slab.  Subsequently, Figure 4-13 shows this comparison for the 
NOLA1/2 method at the bottom of the slab.  To find the total temperature stresses, the 
linear temperature bending stress was calculated using Westergaard’s equation for 
maximum curling stresses at the bottom edge of the slab (equation 4-1) while  the 
NOLA1/2 method assuming a quadratic temperature profile (Equation 4-30) was used to 
compensate for the self-equilibrating stresses. 
 
Figure 4-12.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the NOLA1/2 Quadratic Method at the Top of the Slab using Hourly 
Data from 1986-1990 in Daggett, California. 
For both the top and bottom of the slab, the total temperature stresses show a 
tremendous match between the two methods with a mean difference of nearly zero and a 
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standard deviation of 2.46 and 3.70 psi, respectively.  This shows that the NOLA1/2 self-
equilibrating stress approximation method should provide an accurate representation of 
almost any non-linear temperature profile in terms of temperature stress prediction. 
 
Figure 4-13.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the NOLA1/2 Quadratic Method at the Bottom of the Slab using Hourly 
Data from 1986-1990 in Daggett, California. 
Using the same process to verify the accuracy of the total temperature stress 
prediction, the NOLA3/4 method was tested as seen in Figure 4-14 and Figure 4-15 for the 
top and bottom of the slab, respectively.  While the mean difference for this method was 
also found to be nearly zero, the scatter of these predictions is more visibly noticeable.  
Due to this scatter, the standard deviations of the total temperature stress differences were 
found to be 20.13 and 16.39 psi for the top and bottom of the slab, respectively. 
While the purpose of the NOLA3/4 method was to better match the actual 
temperature profile near the top of the slab with a quadratic approximation, the profile at 
all depths of the slab are generally not matched as accurately as using the mid-depth 
temperature used in the NOLA1/2 method.  By forcing the profile to fit the points near the 
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top of the slab, the assumption of a quadratic temperature profile tends to 
overcompensate at depths in the bottom half of the slab depth.  This results in more 
erroneous predictions of NOLA and the subsequent self-equilibrating stresses in the slab.   
 
Figure 4-14.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the NOLA3/4 Quadratic Method at the Top of the Slab using Hourly 
Data from 1986-1990 in Daggett, California. 
It should be noted that while the piecewise method requires the calculation of the 
equivalent temperature difference (ΔTeq) from the non-linear temperature profile, this 
approximation method using the quadratic-based NOLA must utilize the actual 
temperature difference (ΔT).  This allows for a more simple calculation of self-
equilibrating stresses.  However, when introducing load in addition to temperature effects 
in concrete pavements, the equivalent temperature difference would control the actual 
bending of the slab and its associated lift-off from the underlying layers.  This slab lift-off 
behavior can have a major effect on critical stresses when all stress-related factors are 
considered. 
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Figure 4-15.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the NOLA3/4 Quadratic Method at the Bottom of the Slab using Hourly 
Data from 1986-1990 in Daggett, California. 
4.6.   Comparison of True NOLA to Piecewise Non-Linear Temperature Stresses 
Using the actual area between the temperature profile and the linear assumption 
instead of assuming a quadratic profile through the depth of the slab, the closed form 
quadratic solution was tested to assess its potential as an approximation method to find 
the self-equilibrating stresses.  This actual difference in area will be defined as the “True 
NOLA.” This True NOLA can be estimated easily through a trapezoidal area 
approximation similar to that used in the temperature-moment concept in the previous 
section.  Figure 4-16 shows a comparison between the self-equilibrating stresses using 
the piecewise method with those using equation (4-30) and the True NOLA for five years 
of hourly ICM temperature data from Daggett, California at the top of the concrete slab.  
While the average difference between these two methods is nearly zero, the standard 
deviation is 18.7 psi for this set of data.  Since RadiCAL uses a discretization level of 20 
psi to categorize self-equilibrating stresses into equal bins, this level of error appears to 
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be unacceptable to match the more precise piecewise method to account for non-linear 
temperature profiles. 
In addition to the high level of error using this method of approximation, the 
positive self-equilibrating stresses (tension) are underpredicted in comparison to the 
piecewise method.  Conversely, the cases where compressive self-equilibrating stresses 
where generated at the top of the slab were overpredicted.  Therefore, the use of this 
approximation method would result in the greatest amount of error in the most extreme 
cases that determine the majority of fatigue damage in concrete pavements. 
 
Figure 4-16.  Comparison of Piecewise Self-Equilibrating Stresses to Computed Self-
Equilibrating Stresses at the Top of the Slab using True NOLA using Hourly Data 
from 1986-1990 in Daggett, California. 
Using the piecewise method, the self-equilibrating stresses at the top of the slab 
do not necessarily match those value found for the bottom of the slab unless the profile is 
matched by a second order or less polynomial.  Therefore, the bottom of the slab must 
also be checked using this approximation method as well.  In this location, the exact 
opposite trend is found (Figure 4-17).  The tension cases are underpredicted while the 
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compressive self-equilibrating stresses are overpredicted.  Consequently, this method of 
approximation appears unfit for adaptation in RadiCAL for bottom-up fatigue damage. 
 
Figure 4-17.  Comparison of Piecewise Self-Equilibrating Stresses to Computed Self-
Equilibrating Stresses at the Bottom of the Slab using True NOLA using Hourly 
Data from 1986-1990 in Daggett, California. 
However, when looking at the predictive power of using the True NOLA in terms 
of total temperature stress (linear bending stress from Equation 4-1 in addition to the 
respective self-equilibrating stress), the result is much different.  An excellent 
approximation is found in comparison to the total temperature stresses using the 
piecewise method as seen in Figure 4-18 and Figure 4-19.  The mean difference for the 
top and bottom comparison was found to be almost zero with a small standard deviation 
of 1.87 psi.  This direct total temperature stress comparison shows good promise for a 
simple and accurate approximation of self-equilibrating stresses for post-processing finite 
element analyses of curled concrete slabs undergoing loading. 
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Figure 4-18.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the True NOLA Quadratic Method at the Top of the Slab using Hourly 
Data from 1986-1990 in Daggett, California. 
 
By using the NOLA1/2 or True NOLA method to compensate for self-equilibrating 
stresses, a very good approximation of total temperature stresses can be achieved at the 
critical points at the top and bottom of the slab as seen in the summary in Table 4-2.  Due 
to its poor matching of the total temperature stress prediction relative to the other 
quadratic-based approximations, it is recommended to avoid using NOLA3/4 method in 
this capacity. 
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Figure 4-19.  Comparison of Total Temperature Stresses using the Piecewise 
Method and the True NOLA Quadratic Method at the Bottom of the Slab using 
Hourly Data from 1986-1990 in Daggett, California. 
 
Table 4-2.  Comparison of Total Temperature Stresses using NOLA Methods to the 
Piecewise Method. 
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4.7.   Effect of Non-Linear Temperature Stresses on Fatigue Damage 
While the preceding section focused on differences in stresses due to the 
incorporation on self-equilibrating stresses from non-linear temperature profiles, the next 
step in this analysis is to assess differences in fatigue damage profiles and magnitudes.  
This will provide a better understanding of the impact of accounting for non-linear 
temperature in fatigue-based pavement analysis. 
4.7.1 Damage Profile Comparison 
For this analysis, an undoweled, 8-inch slab with a standard lane width of 12 feet 
and joint spacing of 15 feet will be used with a k-value of 250 psi/inch, and a modulus of 
rupture of 700 psi.  A moderate EBITD level of -10ºF with the location in Los Angeles 
will also be utilized.  For traffic, an average annual daily truck traffic (AADTT) of 
10,450 trucks for a 30-year design as well as an average load spectra and axle spacing 
distribution from over 100 weigh-in-motion stations (Lu et al. 2001) will be utilized in 
RadiCAL (Appendix B).  For fatigue analysis, the Zero Maintenance fatigue transfer 
function (Darter 1977) will also be employed. 
When a linear temperature assumption is used in RadiCAL, the damage profile 
from Figure 4-20a is found.  At this lower level of EBITD, almost all of the fatigue 
damage is focused at the mid-slab location, thereby predicting bottom-up transverse 
fatigue cracking as the critical location.  However, when self-equilibrating stresses from 
the non-linear profiles are accounted for, as in Figure 4-20b using the NOLA1/2 method, 
the damage profile changes significantly.  Figure 4-20b shows high levels of fatigue 
damage at the traditional mid-slab bottom location, but also significant fatigue damage 
near mid-slab at the top of the slab and at the transverse joint between the wheelpaths on 
the top of the slab.  This damage profile suggests multiple potential failure locations:  
bottom-up transverse cracking, top-down transverse cracking, or top-down longitudinal 
cracking initiating from the transverse joint.  Using the more robust piecewise method to 
account for self-equilibrating stresses (Figure 4-20c), a similar profile to the NOLA 
method is found.  In terms of locations of potential failure, the much simpler NOLA 
method matches the piecewise method quite well. 
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Figure 4-20.  Damage Profile Comparison Incorporating Non-Linear Self-
Equilibrating Stresses for Los Angeles, California using a.) Linear Temperature 
Differences, b.) Quadratic Non-Linear Temperature, and c.) Piecewise Non-Linear 
Temperature Profiles. 
Figure 4-21 looks at the same non-linear temperature comparison in terms of 
fatigue damage profiles for the more extreme Daggett climate inland from the Pacific 
Ocean and Los Angeles.  The linear temperature assumption at EBITD of -10ºF and use 
of the Zero Maintenance maximum stress fatigue transfer function (Darter 1977) 
indicates bottom-up transverse cracking as probable, thereby matching the Los Angeles 
climate prediction.  However, accounting for self-equilibrating stresses completely 
changes the predicted fatigue mechanisms to top-down transverse cracking with only 
slight probabilities of bottom-up transverse cracking or top-down longitudinal cracking 
forming.  More importantly, the use of the NOLA method matches the predicted damage 
profile from the piecewise method exceptionally well, further corroborating the use of 
this quadratic-based self-equilibrating stress method for non-linear temperature stress 
prediction. 
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Figure 4-21.  Damage Profile Comparison Incorporating Non-Linear Self-
Equilibrating Stresses for Daggett, California using a.) Linear Temperature 
Differences, b.) Quadratic Non-Linear Temperature, and c.) Piecewise Non-Linear 
Temperature Profiles. 
4.7.2 Damage Level Comparison 
While the damage profiles give a good indication of where damage will occur, the 
level of damage or damage magnitude is indicative of when that damage will manifest 
itself as a physical crack in the pavement slab.  Using Miner’s Hypothesis (Miner 1945) 
for damage accumulation in RadiCAL, this level of fatigue damage can also be predicted.  
The assumption using Miner’s Hypothesis is that fatigue damage of 1.0 equates to fatigue 
cracking failure.  Using this standard case for traffic, geometry, etc. described in the 
previous section, the fatigue damage level at an EBITD of -10ºF using the NOLA1/2 
method and piecewise method are very similar at 6.8*10-4 (Figure 4-22) for the Los 
Angeles climate.  Conversely, the damage level assuming linear temperature differences 
at this EBITD level is 55 times higher at 0.038. The self-equilibrating stresses reduce the 
level of stress at the critical tensile bottom locations and increase the damage at other 
tensile stress locations on the top of the slab. Figure 4-22 also shows that the use of the 
NOLA3/4 method (using temperature at the top, bottom, and h/4 from the top of the slab) 
does not yield results that match the damage levels of the piecewise method to account 
for self-equilibrating stresses. 
For the Los Angeles climate with no EBITD, Figure 4-22 predicts that the slab 
would have a much higher probability of being cracked using a linear temperature 
assumption and uncracked using any of the methods accounting for non-linear 
temperature profiles.  The converse is true at levels of EBITD more extreme than -30ºF 
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where accounting for non-linear temperature exacerbates temperature and load-induced 
stresses at the top of the slab and results in top-down fatigue failure. 
  
Figure 4-22.  Maximum Fatigue Damage Level by Built-In Curl Level using Several 
Non-Linear Self-Equilibrating Stress Methods and Maximum Stress Fatigue for Los 
Angeles, California. 
Figure 4-23 shows this same maximum stress damage comparison for the desert 
climate of Daggett with similar results to the Los Angeles comparisons.  While the 
damage locations were confirmed as well predicted from the damage profiles in Figure 
4-21 using the NOLA1/2 method, the actual absolute fatigue damage level is also closely 
matched to the piecewise solution at all levels of EBITD.  Therefore, it can be concluded 
that the NOLA1/2 method provides an adequate accommodation of self-equilibrating 
stresses and its subsequent relationship to predicted fatigue damage level. 
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Figure 4-23.  Maximum Fatigue Damage Level by Built-In Curl Level using Several 
Non-Linear Self-Equilibrating Stress Methods and Maximum Stress Fatigue for 
Daggett, California. 
The “flip point” value between bottom-up fatigue damage and top-down fatigue 
damage occurs as the magnitude of EBITD increases, However, the “flip point” 
magnitude varies depending on the temperature profile assumption made.  This “flip 
point” usually occurs as the level of bottom-up fatigue damage at mid-slab becomes 
minimized to the point where top-down damage becomes critical and is represented 
roughly by the minimum points in Figure 4-22 and Figure 4-23.  To the left of these 
minima, the critical fatigue mechanism is bottom-up and the opposite is true to the right 
of these minima.  With a linear temperature difference assumption, this “flip point” is 
between an EBITD level of -20ºF and -25ºF (Hiller and Roesler 2005a, 2006).  However, 
when the self-equilibrating stresses are accounted for, the tensile stresses at the bottom of 
the slab are usually reduced while the tensile stresses at the bottom of the slab are 
increased (Figure 4-4 and Figure 4-5) due to the majority of non-linearity occurring near 
the top of the slab.  This promotes a “flip point” in a range of -10ºF and -15ºF depending 
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on traffic, geometry, climate, etc.  This approach tends to generally agree with fatigue 
damage results using the MEPDG where top-down cracking becomes more prevalent 
around the default built-in curl level of -10ºF and almost exclusively occurs at higher 
levels of built-in curling. 
When a stress range approach is utilized to assess fatigue damage (Tepfers 1979a) 
instead of a maximum stress approach, this “flip point” difference is less pronounced for 
the Los Angeles (Figure 4-24) and Daggett (Figure 4-25) climates.  The “flip point” using 
non-linear temperature and stress range transfer function for fatigue is usually in the 
range of -15ºF and -20ºF, while the linear assumption yields a “flip point” anywhere in 
the range of -15ºF and -25ºF. Note, it is expected that this flip point should not be 
constant but be a function of the temperature profile nonlinearity and its interaction with 
the pavement geometry and load transfer between slabs. 
 
Figure 4-24.  Maximum Fatigue Damage Level by Built-In Curl Level using Several 
Non-Linear Self-Equilibrating Stress Methods and Stress Range Fatigue for Los 
Angeles, California. 
It is important to note that the stress range approach does reduce the predicted 
damage magnitude by dampening extreme temperature and load-induced stress events 
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and the subsequent fatigue damage accumulation.  However, the NOLA1/2 method still 
matches the piecewise absolute fatigue damage levels quite well.  Additionally, the use of 
a reduced strength concept (McCullough and Dossey 1999, McCullough et al. 2000, Rao 
2005) for the top of the slab due to surface shrinkage cracking may further reduce the true 
“flip point” for field sites in arid climates or situations with poor curing of the concrete 
during placement. 
 
Figure 4-25.  Maximum Fatigue Damage Level by Built-In Curl Level using Several 
Non-Linear Self-Equilibrating Stress Methods and Stress Range Fatigue for 
Daggett, California. 
4.8.   Summary on Non-Linear Temperature 
The use of self-equilibrating stresses in concrete pavement analysis and design is 
critical to properly characterize the total thermal stresses and likely timing and position of 
fatigue cracking.  By using only the linear temperature differences in these analyses, 
bottom-up stresses are generally overpredicted and top-down stresses are subsequently 
underpredicted.  This omission will typically lead to an underprediction of fatigue life in 
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cases with no to low built-in curl (bottom-up failures) and overprediction of fatigue life in 
high built-in curl cases (top-down cracking mechanisms). 
Using EICM results, it was shown that for any given temperature difference a 
pavement slab is subjected, a variety of self-equilibrating stresses may occur since an 
infinite number of temperature profile shapes exist for a given temperature difference.  
To account for these self-equilibrating stresses, a parameter named NOLA was developed 
that represents the difference in area between a quadratic temperature profile (3 
temperatures at three depths) and an assumed linear profile (temperature at top and 
bottom of the slab).  The NOLA method allows for a simple visualization of the level of 
non-linearity even though the more theoretically rigorous piecewise solution can be 
utilized.  This simple visualization of the NOLA can give pavement engineers a simple 
tool to assess the importance of accounting for self-equilibrating stresses in their 
analyses.  A closed-form solution was derived to account for the self-equilibrating 
stresses based on the NOLA parameter that allows pavement engineers to easily account 
for temperature non-linearity in analyses. 
Comparisons using the NOLA method were made to the more rigorous precise 
piecewise method for self-equilibrating stress determination.  In terms of self-
equilibrating stresses, the NOLA method using the mid-slab depth temperature matched 
the piecewise method quite well.  The use of the actual area between the linear 
assumption and the actual temperature profile (True NOLA) in conjunction with the 
closed-form solution for self-equilibrating stresses tended to match the total temperature 
stresses found using the piecewise method the best as expected.  An excellent trend 
between total temperature stresses with the NOLA1/2 method and piecewise solution was 
obtained, while the NOLA3/4 method was less accurate in this respect due to the 
overcompensation of the temperature profile prediction in the bottom portion of the slab. 
When comparing the temperature profile characterization techniques in terms of 
fatigue damage, both the fatigue damage level and the fatigue damage profiles matched 
well for both the NOLA1/2 and piecewise for two distinct climates in California.  This 
indicates that the NOLA method would be an appropriate approximation for the 
piecewise method for correctly predicting both where and when fatigue damage would 
occur in comparison with the piecewise method. 
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Comparisons in the “flip point” of fatigue cracking mechanisms (from bottom-up 
to top-down cracking as the EBITD level is increased) found that the utilization of self-
equilibrating stresses in the damage analysis reduced the level of built-in curl required to 
cause top-down cracking to become predominant.  For a maximum stress fatigue damage 
approach using non-linear temperature profiles, this “flip point” occurred in the range of -
10ºF to -15ºF.  For the stress range approach to fatigue damage, this “flip point was 
slightly more extreme at -15ºF to -20ºF.  These “flip point” ranges are slightly less 
extreme that those found using strictly linear temperature profiles. 
It was also found that the use of non-linear temperature profiles with an EBITD 
concept generally reduces the fatigue damage level in comparison to its linear counterpart 
except for the scenarios with more extreme EBITD level than -15ºF, where accounting 
for self-equilibrating stresses exacerbates temperature and load-induced stresses at the top 
of the slab and results in top-down fatigue failure earlier. 
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CHAPTER 5.  DESIGN VERIFICATION OF IN-SERVICE JOINTED PLAIN 
CONCRETE PAVEMENTS 
5.1.   Introduction 
The development of RadiCAL (Hiller and Roesler 2005b) and the subsequent 
addition of self-equilibrating stresses from non-linear temperature profiles provides an 
excellent analytical tool for evaluating the impact of individual input parameters on both 
the level and location of critical fatigue damage in JPCPs.  However, one major drawback 
is that the stress prediction algorithm, damage calculation procedure, and fatigue models 
used in RadiCAL are not calibrated with in-service field sites.  This chapter aims to 
assess the predictive power of RadiCAL in terms of matching fatigue damage 
mechanisms of several California sites through a “design verification” process.  This 
design verification process essentially utilizes RadiCAL as a forensic tool to match 
fatigue cracking types, while ignoring the timing element of crack propagation required 
to conduct a full calibration of RadiCAL or any analysis/design software.  For this 
analysis, site-specific load spectra, geometry, EBITD and climate were utilized.  A set 
value for the level of traffic was utilized as this analysis focuses on relative damage, so 
that all damage levels are normalized to the maximum damage level found in a particular 
RadiCAL run. 
5.2.   RPPR Sections 
Using the RPPR (Rigid Pavement Performance/Rehabilitation) database (Smith et 
al. 1998), two projects in California with the occurrence of fatigue cracking at multiple 
locations on the slab were examined as a preliminary design confirmation of the 
predicted damage locations.  These sections are referred to as CA1-3 and CA2-3 using 
the RPPR database terminology. 
5.2.1 Section CA1-3 
Section CA1-3 is a 1,045-foot section of a larger test section on northbound I-5 in 
Tracy, California (Central Valley climatic region).  It was built in 1971 as a jointed plain 
concrete pavement with random joint spacing (12, 13, 19, 18 feet) and 12-foot slab width 
with an asphalt shoulder.  The slabs were designed to be 8.4-inches on top of a 5.4-inch 
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cement treated base and 24-inch aggregate subbase.  The joints were designed to be 
skewed with no load transfer devices.  Falling-weight deflectometer testing was 
conducted in 1987 and 1992 revealed a wide range of average load transfer (87% to 20%, 
respectively) and a high amount of corners with voids (50% and 100%, respectively).  
Some of this variation may be explained by the difference in the temperature the section 
was tested at (63ºF and 78ºF, respectively). Condition surveys revealed the following 
information as seen in Table 5-1. 
Table 5-1.  Condition Survey for RPPR Sections CA1-3 in Tracy and CA2-3 in Los 
Angeles (after Smith et al. 1998). 
Project 
ID 
FWD 
Corner 
Deflection 
(9 kips) 
Load 
Transfer 
(%) 
Estimated 
Corners 
with Voids 
Transverse 
Cracking 
Longitudinal 
Cracking 
Under Load 
(mils) 
Average (%) 
% Slabs 
Cracked 
Linear 
feet/mile 
1987 1992 1987 1992 1987 1992 1987 1992 1987 1992 
CA1-3 13.7 35.5 87 20 50 100 9 18 872 812 
CA2-3 24.4 n/a 19 n/a 90 n/a 66 68 0 0 
 
The EBITD value was estimated from the FWD corner deflection in 1992 using 
the method from Rao and Roesler (2003, 2005a).  FWD testing is typically conducted at 
times to limit the actual ΔT in the slab. Since no ΔT was reported (Smith et al. 1998), this 
value was assumed to be zero.  Therefore, the backcalculated value of curl was 
completely attributed to the EBITD value as seen in Figure 5-1 to be -24ºF at the 
previously backcalculated k-value of 250 psi/in for CA1-3.  If a positive temperature 
gradient was actually present which is the most likely scenario, this value would be added 
to the backcalculated value found in Figure 5-1 to find the adjusted EBITD value (i.e., an 
increased EBITD value).  Likewise, the opposite would be done if a negative ΔT existed 
in the slab during testing, i.e., during nighttime FWD testing.  It should be noted that if 
erosion of the underlying material exists, the EBITD process would erroneously equate 
the additional deflections to a more extreme EBITD value. 
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Figure 5-1.  Backcalculation Procedure for EBITD under Geometry, Support 
Conditions and Load Transfer in CA 1-3 (9,000 lb FWD load). 
5.2.1.1 Linear Analysis 
Using the backcalculated EBITD value, measured load transfer across the 
transverse joint, climatic zone, slab geometry and thickness, stress range transfer 
function, and site specific load spectra from northbound I-5 in Tracy (Lu et al. 2001), a 
predicted damage profile using a stress range fatigue approach and linear temperature 
assumptions was generated as seen in Figure 5-2a. 
Table 5-1 shows that 18% of slabs in this particular section exhibited transverse 
cracking.  Hansen et al. (2001) noted that the observed transverse cracking in Tracy, 
California on I-5 originated between the mid-slab edge and leave joint of the slab.  Since 
the database for this site exhibits longitudinal cracking in terms of linear feet/mile, 
longitudinal cracks were assumed to be equally distributed among the different slab 
lengths and span the entire slab length.  Using this assumption, this section would exhibit 
15% of the slabs with longitudinal cracking.  The damage profile in Figure 5-2a using a 
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stress range approach would project a higher percentage of top-down transverse cracking 
with a smaller probability of longitudinal cracking (both top-down between the loads on 
the axles and bottom-up under the loaded areas) or bottom-up transverse cracking.  In this 
relative damage profile, the traffic would be coming out of the page.  While this damage 
profile does not exactly match the distresses found on CA 1-3, the probability for both 
transverse and longitudinal cracking is shown.  With the assumption of no temperature 
gradient during testing, this may lead to an improper calculation of EBITD.  Daytime 
testing of this section could possibly add -5ºF to -10ºF to the EBITD level, thereby 
predicting more longitudinal cracking potential. 
Using a maximum stress approach with linear temperature differences (Figure 
5-2b), the predicted damage profile predicts only top-down transverse cracking near 
midslab.  This does not appear to match the cracking distresses found on section CA 1-3 
as well as the stress range approach in this case. 
 
Figure 5-2.  Relative Damage Profile using Linear Temperature Profiles of Section 
CA 1-3 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.2.1.2 Non-Linear Analysis 
Using the piecewise method for assessing self-equilibrating stresses from non-
linear temperature profiles, the damage profiles in Figure 5-3 were developed.  Figure 
5-3a represents the damage profile using the stress range approach, while Figure 5-3b 
indicates the predicted fatigue damage profile using the MEPDG maximum stress fatigue 
approach (ARA 2007).  Interestingly, both of these profiles focus the critical damage top-
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down near mid-slab.  However, the MEPDG maximum stress transfer function for fatigue 
does predict a slight amount of damage between the wheelpaths while the stress range 
fatigue approach predicts little fatigue damage at locations outside the mid-slab edge 
area.  Just as with the linear temperature damage profile predictions from Figure 5-2a 
using stress range, the damage profile using non-linear MEPDG function matches the 
magnitude of longitudinal cracking that is exhibited on section CA 1-3 most closely. 
 
  
Figure 5-3.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section CA 1-3 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.2.2 Section CA2-3 
Section CA2-3 is a 918-foot section of a larger test section on eastbound I-210 in 
Los Angeles, California (South Coast climatic region).  It was built in 1980 as a jointed 
plain concrete pavement with random joint spacing (12, 13, 19, 18 feet) and 12-foot slab 
width with an asphalt shoulder just as with the section CA1-3 in Tracy.  The slabs were 
also designed to be 8.4-inches on top of a 5.4-inch cement treated base and 24-inch 
aggregate subbase.  The joints were designed to be skewed with no load transfer devices.  
The results of the condition survey and falling weight deflectometer testing can be seen 
previously in Table 5-1. 
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5.2.2.1 Linear Analysis 
Using the before-mentioned backcalculation procedure, the EBITD value was 
determined from the 1987 FWD testing to be -11ºF.  Again using site specific 
information (Los Angeles climate zone), including load spectra, the damage profile in 
Figure 5-4 was developed.  Even with the extremely low load transfer values (less than 
20%), the relatively small EBITD value forces the maximum damage to be at the bottom 
of the slab, mid-way between the joints.  The damage levels at the transverse joint are 
negligible and would not result in prediction of longitudinal cracking.  This correlates 
quite well with the condition survey of CA 2-3 which noted roughly 2/3 of slabs cracked 
transversely and no longitudinal cracking.  Slight reduction of the strength at the top of 
the slab made little difference in this case as the top-down fatigue damage was still 
negligible.  While these two sections (CA 1-3 and CA 2-3) had the same structural 
designs, the difference in climate zone and EBITD from construction and shrinkage 
effects would predict (and verify) quite different failure locations. 
  
Figure 5-4.  Relative Damage Profile using Linear Temperature Profiles of Section 
CA 2-3 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.2.2.2 Non-Linear Analysis 
Using the input parameters for section CA 2-3 in RadiCAL with non-linear 
temperature profile assumption, a slightly different damage profile is predicted as seen in 
Figure 5-5.  In Figure 5-5a, the Tepfers’ stress range approach is utilized and predicts 
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similar results as the linear analysis with stress range (Figure 5-4a) and linear temperature 
differences.  The focus on this damage profile reveals a high probability of bottom-up 
cracking along a large portion of the slab, initiating from the longitudinal edge. 
If a maximum stress approach using the MEPDG fatigue function is used in 
combination with non-linear temperature for this site (Figure 5-4b), the resulting 
predicted damage profile is much different with high damage levels in multiple locations 
that could initiate as top-down or bottom-up transverse cracking or even top-down 
longitudinal cracking in the wheelpath closest to the shoulder.  For this particular site, the 
flip-point from bottom-up to top-down fatigue damage becoming critical is between an 
EBITD of -10ºF and -15ºF.  Since this scenario is approaching this flip-point for non-
linear temperature cases, the damage profile has multiple location of high fatigue damage 
potential.  However, this does not match the transverse only cracking noted on section 
CA 2-3 (see Table 5-1) as the stress range approach does. 
 
  
Figure 5-5.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section CA 2-3 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.3.   UCPRC Sections 
The University of California Pavement Research Center (UCPRC) has overseen a 
vast data acquisition process conducted by Stantec for numerous flexible, rigid, and 
composite pavement sections within the state of California.  Correspondingly, the 
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UCPRC has shared much of this data to conduct some trial design verification studies of 
RadiCAL.  From this data, nine sections of in-service jointed plain concrete pavements 
(Table 5-2) with a variety of fatigue cracking mechanisms have been analyzed using site 
specific climatic data, EBITD, geometry, and load spectra (in cases where such was 
available) in RadiCAL and compared with the actual cracking patterns noted during 
recent condition surveys conducted by Stantec for the UCPRC.  The general location of 
these sections within California can be viewed in Figure 5-6.  While all nine of these 
sections reside within 100 miles of each other, three climatic zone of northern California 
are represented. 
Table 5-2.  Inventory Data for Nine UCPRC JRCP Sections 
Section 
# 
Route / 
Direction County 
Climatic 
Region 
PCC 
Thickness 
(inches) 
Base 
Thickness 
(inches) / 
Type 
Subbase 
Thickness 
(inches) 
Joint 
Spacing 
(feet) 
04-
N201 
CA-85 
NB 
Santa 
Clara 
Bay 
Area 10 3 / AC 24 14 
04-
N249 I-80 EB Solano 
Central 
Valley 10 3 / CTB 20 14 
04-
N250 I-80 EB Solano 
Central 
Valley 10 4 / CTB 10 14 
04-
N251 I-80 EB Solano 
Central 
Valley 8.5-10 4 / CTB N/A 12,17 
04-
N252 I-80 EB Solano 
Central 
Valley 8.5 7.5 / CTB 6 14 
04-
N253 I-80 EB Solano 
Central 
Valley 10 7.5 / CTB 10 15 
04-
N282 
US-101 
NB Sonoma
North 
Coast 
11.25-
11.75 2 / AC 7 
13, 15, 
12, 14 
04-
N284 
US-101 
NB Sonoma
North 
Coast 10 4.5 / AC 6 
13, 15, 
12, 14 
04-
N288 
US-101 
SB Sonoma
North 
Coast 9.5-10 4.5 / AC 14 
13, 15, 
12, 14 
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Figure 5-6.  General Locations of UCPRC JPCP Design Verification Sections. 
Each of these nine UCPRC sections exhibit varying types and levels of fatigue-
related distresses as seen in Table 5-3.  Each of these sections will be analyzed using 
RadiCAL using both linear and non-linear temperature profiles under both stress range 
(Tepfers 1979a) and maximum stress (ARA 2007) fatigue damage approaches to attempt 
to match predicted and observed distresses on these sections.  Table 5-3 also shows that 
the average calculated load transfer across the transverse joints in these sections is in a 
similar range to that of the RPPR sections previously analyzed with the exception of 
section 04-N288 at 80%.  The low load transfer between slabs is expected as all of these 
sections are undoweled and rely on aggregate interlock only for reducing stresses and 
deflections at the joints.  These sections also exhibit a wide range of backcalculated 
EBITD values from a moderate -7ºF to a highly curled -25ºF from backcalculation of 
FWD tests. 
04-N201 
04-N282 
04-N284 
04-N288 04-N249 through 
04-N253 
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Table 5-3.  Cracking Mechanisms, Severities, and FWD Backcalculated Values for 
Nine UCPRC JRCP Sections from Stantec Data Collection 
Section # 
Transverse   
(% Slabs 
Cracked) 
Longitudinal  
(% Slabs 
Cracked) 
Corner      
(% Slabs 
Cracked) 
Average 
EBITD 
(oF) 
Average 
LTE 
(%) 
Average 
k-value 
(psi/in) 
04-N201 3 -- 6 -25 30 150 
04-N249 14 14 8 -24 30 100 
04-N250 56 28 11 -7 35 225 
04-N251 64 25 8 -15 40 125 
04-N252 11 -- 8 -7 40 100 
04-N253 82 88 9 -9 50 150 
04-N282 3 -- 3 -14 30 200 
04-N284 6 11 3 -10 50 200 
04-N288 6 -- 3 -20 80 150 
5.3.1 Section 04-N201 
Section 04-N201 is a 500-foot segment located between mile posts (MP) 13.90 
and 14.01 on northbound California State Route 85 (CA-85), just southwest of San Jose 
in Santa Clara County (Bay Area climate).  This section consisted of a 14-foot skewed 
joint spacing with standard 12-foot lane widths and an asphalt shoulder.  Analysis of 
cores and design records revealed this section as a 10 inch PCC slab resting on a 3 inch 
AC base and 24 inch aggregate subbase. 
Condition surveys at this site show that a small amount of transverse and corner 
cracking exists on this 500-foot section as seen in Figure 5-7.  However, the majority of 
the section is in excellent condition less than 15 years from construction (Table 5-3). 
  
Figure 5-7.  Corner Cracking on Section 04-N201 on CA-85NB in Santa Clara 
County, California. 
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Backcalculation of FWD testing at this site indicates highly curled slabs at EBITD 
of -25ºF after accounting for the actual slab temperature gradient during the FWD testing.  
Several researchers have noted higher built-in curl levels for concrete slabs without 
restraint from dowels or tied PCC shoulders (Poblete et al. 1988, 1990, Byrum 2000, S. 
Rao and Roesler 2005b, C. Rao et al. 2001).  FWD testing analysis also shows an average 
load transfer across the transverse joints at about 30% due to no dowels in the joints. 
5.3.1.1 Linear Analysis 
Using linear temperature differences in conjunction with site-specific load 
transfer, geometry, and boundary conditions for section 04-N201 in RadiCAL, the 
damage profiles in Figure 5-8 were developed.  Since site-specific load spectra was not 
available on CA-85, the average load spectra and vehicle class distribution for all of 
California was used in these analyses (found in Appendix A). 
In Figure 5-8a using the stress range fatigue damage approach, the damage profile 
suggests transverse or corner cracking developing near the corners of the slab in question.  
Since a high level of damage exists at both the transverse joint and longitudinal edge near 
the corner, the potential for corner cracking is increased.  This profile tends to match the 
few slabs in this section that have exhibited cracking (3% of slabs transversely cracked 
and 6% of slab cracked at the corner). 
The maximum stress approach with linear temperature differences does not 
necessarily match existing distresses well as seen in Figure 5-8b as only top-down 
transverse cracking near mid-slab is exhibited.  However, due to the limited amount of 
cracked slabs in this section, it is difficult to conclude that a maximum stress approach is 
not valid. 
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Figure 5-8.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N201 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.3.1.2 Non-Linear Analysis 
Using the non-linear temperature profiles with the piecewise self-equilibrating 
stresses for the Bay Area climatic region, RadiCAL reveals similar damage profiles 
(Figure 5-9) as the linear temperature option above.  Therefore, for section 04-N210, the 
stress range approach seems to match the existing damage profiles better based on the 
limited cracking exhibited on this section.  It should be noted that, while the damage 
profiles appear to be similar for both the linear and non-linear temperature analyses, the 
absolute damage levels for the non-linear profiles are about 2.2 and 48 times greater than 
the corresponding linear profiles using stress range and maximum stress fatigue damage 
approaches, respectively.  Therefore, the timing of the crack initiation prediction would 
be greatly affected by the choice of fatigue transfer function as well as by how 
temperature stresses are accounted for in the fatigue analysis. 
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Figure 5-9.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N201 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.3.2 Section 04-N249 
Section 04-N249 is located between MP 19.56 and 19.67 on eastbound Interstate-
80 in Solano County, between San Francisco and Sacramento (Central Valley climate).  
This section consisted of a 14-foot skewed joint spacing with standard 12-foot lane 
widths and an asphalt shoulder.  This 500-foot section consists of a 10 inch PCC slab 
resting on a 4 inch cement-treated base (CTB) and 20 inch aggregate subbase. 
Constructed in 1965, this section of I-80 has been in service for over 40 years and 
has had several fatigue-related cracking distresses develop over this time as seen in 
Figure 5-10.  Table 5-3 indicates that 14% of slabs are cracked transversely, 14% of slabs 
are cracked longitudinally, and 8% of slabs exhibit corner cracking on this site all in 
varying stages of severity.   
Backcalculation of FWD data indicates that this site has an average EBITD value 
of -24ºF, which suggests a large amount of slab lift-off at the corners at most times during 
any given day. 
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Figure 5-10.  Transverse, Longitudinal, and Corner Cracking on Section 04-N249 
on I-80EB in Solano County, California. 
5.3.2.1 Linear Analysis 
Since EB I-80 has a nearby WIM station, site-specific load spectra was utilized in 
this and all other RadiCAL analyses for the I-80 sections (04-N249 through 04-N253).  
This site had some positive attributes in that a significant amount of cracking has initiated 
to make a solid judgment on the types of cracking expected, while enough uncracked 
slabs existed so that a proper determination of the EBITD for this section could be made. 
An interesting characteristic of this site is that all of the transverse cracks on this 
site appear to initiate along the longitudinal edge of the slab and begin closer to the leave 
joint of the slab (back of the damage profile) than the approach joint (front of the damage 
profile).  This would indicate that cracking did not initiate from the bottom-up mid-slab 
maximum stress location predicted by traditional damage analyses which are dominated 
by single axle critical stresses. Figure 5-11a and b exhibit the predicted damage profiles 
using stress range and maximum stress fatigue accumulation approaches, respectively. 
Both fatigue damage methods predict alternative failure modes for transverse cracking 
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for this site.  However, only the stress range approach (Figure 5-11a) indicates some 
significant amount of damage along the transverse joint that could initiate as either 
longitudinal or corner cracking (bottom-up), depending on the crack propagation 
direction into the interior of the slab.  This stress range approach also matches the 
location of the potential longitudinal cracking along the inside wheelpath. 
 
Figure 5-11.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N249 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.3.2.2 Non-Linear Analysis 
The analyses of section 04-N249 using non-linear temperature yield the damage 
profiles in Figure 5-12.  These profiles match the linear temperature approaches fairly 
well with the exception that no significant fatigue damage occurs along the transverse 
joint in the stress range approach.  For this section, the non-linear profiles are about 1.6 
and 145 times greater than the corresponding linear profiles using stress range and 
maximum stress fatigue damage approaches, respectively.  This would again greatly 
affect the timing of the predicted crack initiation as the self-equilibrating stresses 
generally exacerbate the top of the slab stresses when considering the maximum stress 
only in the fatigue transfer function.  The use of stress range in addition to self-
equilibrating stresses fatigue complicates this relationship as both the stress ratio and 
ratio of minimum to maximum stress is affected by accounting for non-linear temperature 
profiles. 
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Figure 5-12.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N249 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.3.3 Section 04-N250 
Roughly one mile east of section 04-N249, section 04-N250 is another 500-foot 
segment located between MP 20.52 and 20.63 on eastbound I-80 (Central Valley climatic 
zone).  This section consisted of a 14-foot skewed joint spacing with standard 12-foot 
lane widths and an asphalt shoulder.  Analysis of cores and design records revealed this 
section is a 10 inch PCC slab resting on a 4 inch CTB and a 10 inch aggregate subbase. 
Transverse cracks were found to be consistently nearer the leave joint of the slab 
in section 04-N250.  Analysis using RadiCAL would indicate this crack location to be 
more in line with top-down cracking mechanisms found in high EBITD level scenarios 
due to steer-drive axle spacing effects. 
Visual analysis of the site reveals 56% of slabs with transverse cracks, 28% of 
slabs with longitudinal cracks, and 11% of the slabs exhibiting corner cracking (Figure 
5-13).  A closer look at many of these slab also indicate that the transverse cracks to be 
the initial cracks that formed, with the longitudinal and corner cracking appearing at a 
later date as many of these cracks become arrested as they intersect the transverse cracks. 
Backcalculation of FWD data indicates only a minimal level of EBITD (-7ºF).  
Since very few slabs in this section are fully intact and many of the cracked slabs are of 
high severity, the calculation of EBITD did not have many replicates.  There is less 
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confidence in the backcalculated values obtained from this section but they may be 
corrected as shown in the next section. 
   
Figure 5-13.  Transverse, Longitudinal, and Corner Cracking on Section 04-N250 
on I-80EB in Solano County, California. 
5.3.3.1 Linear Analysis 
RadiCAL was again used to analyze an I-80 section with site-specific load 
spectra, geometry, load transfer, and boundary conditions.  The resulting damage profiles 
using linear temperature differences are shown in Figure 5-14a for stress range fatigue 
and Figure 5-14b for maximum stress fatigue.  In both of these figures, the damage 
profile predicts only bottom-up, mid-slab transverse cracking as traditionally found from 
analyses going back to the 1920’s (Westergaard 1927).  This is due to the low EBITD 
value of -7ºF found from the limited FWD data. 
Cracking patterns for this site more closely match analyses using larger EBITD 
values such as that from section 04-N249, roughly one mile west of this section.  
However, due to a lack of FWD data to validate this level of EBITD, it must be 
concluded that RadiCAL cannot match all of the cracking mechanisms seen in this field 
section.  However, since most of the longitudinal and corner cracks on this site appear to 
be secondary in nature, it is possible that the transverse cracks on this section could have 
developed from the bottom of the slab and fully propagating across the slab as predicted 
by RadiCAL.  These subsequent shorter “slabs” would alter the intact slab stress states 
and lower bending stresses that would produce less transverse cracking.  Due to this 
phenomenon, the critical damage location could switch to along the transverse joint.  This 
could potentially form these longitudinal and corner cracks that propagate until they 
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reach the structural transverse cracks as noted in the field evaluation of site 04-N250 (see 
Figure 5-13). 
 
Figure 5-14.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N250 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.3.3.2 Non-Linear Analysis 
Using non-linear temperature profiles and their associated self-equilibrating 
stresses for section 04-N250, the damage profiles in Figure 5-15 are developed in 
RadiCAL.  While the stress range approach (Figure 5-15a) yields very similar results as 
its linear temperature analysis counterpart, the use of a maximum stress approach to 
fatigue finds a different mechanism of fatigue failure (Figure 5-15b).  If the initial 
transverse cracking on section 04-N250 was found to be top-down in nature, this would 
not change the process that would cause secondary longitudinal and corner cracking on 
this site.  It should be noted that the maximum stress analysis using the MEPDG fatigue 
transfer function with non-linear temperature does predict critical damage to be closer to 
the leave joint and thereby provides a more accurate representation of cracking location 
in this case.  While the critical absolute damage of the non-linear profile using stress 
range is quite close (86% of the linear corresponding profile), the ratio of non-linear to 
linear absolute damage using a maximum stress fatigue approach is only 2.6.  Therefore, 
the predicted timing of cracking using either linear or non-linear temperature profile 
assumptions would be quite similar for this section. 
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Figure 5-15.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N250 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.3.4 Section 04-N251 
Another five miles east of section 04-N250 resides section 04-N251 between MP 
25.59 and 25.69 on eastbound I-80 in the Central Valley climatic zone.  This section 
varies from the other sections previously mentioned on I-80 in that repeated 12 and 17-
foot skewed joint spacings exist with a standard 12-foot lane width and asphalt shoulder.  
The thickness of the PCC slab ranges from 8.5 to 10 inches and rests on a 4 inch CTB 
with an unknown subbase thickness or condition.  This section predates the previously 
analyzed I-80 sections, as it was originally constructed in 1952 with a widening of the 
outside lane in 1963. 
As with Section 04-N250, the transverse cracking patterns were near mid-slab, 
but consistently closer to the leave joint, indicating potential for top-down cracking 
mechanisms.  Section 04-N251 also exhibited numerous cracking mechanisms (Figure 
5-16) with 64% of slabs with transverse cracks, 25% of slabs with longitudinal cracks, 
and 8% of slabs with corner cracks.  Just as with section 04-N250, the transverse cracks 
were of the highest severity and appeared to be the primary cracking mechanism, with 
longitudinal and corner cracks forming at a later date.  These transverse cracks were more 
prevalent on the 17-foot length slabs, although transverse cracking also existed on some 
of the shorter 12-foot slabs as well. 
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The backcalculated EBITD value was found to be -15ºF, but again this was with a 
limited number of intact slabs.  Due to more 12-foot slabs being intact, this level of 
EBITD may not be completely representative of the longer 17-foot joint spacing slabs. 
  
 
Figure 5-16.  Transverse and Longitudinal Cracking on Section 04-N251 on I-80EB 
in Solano County, California. 
5.3.4.1 Linear Analysis 
Due to the two joint spacing used on site 04-N251, fatigue damage analyses were 
conducted for a shorter joint spacing (Figure 5-17) and longer joint spacing (Figure 5-18) 
using linear temperature profiles.  Just as with section 04-N250, the primary damage 
mechanism in fatigue is predicted to be bottom-up transverse cracking.  This is true for 
both fatigue transfer functions as well as both joint spacings. 
Also like section 04-N250, the process of longitudinal and corners cracks forming 
after initiation of a full length transverse crack developed is definitely possible.  This 
would help explain the presence of a large percentage of alternative cracking mechanisms 
forming from the transverse joint.  However, it should be noted that most transverse 
cracks are not at mid-slab for the longer joint spacings, but instead between the mid-slab 
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and leave joint of the slab.  This would indicate either non-traditional top-down 
transverse crack formation as seen in Figure 5-18.  For the shorter 12-foot slabs lengths, 
transverse cracks appeared to be closer to mid-slab for the few occurrences noted which 
matches both fatigue damage accumulation methods shown in Figure 5-17 well. 
 
Figure 5-17.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N251 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
 
Figure 5-18.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N251 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
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5.3.4.2 Non-Linear Analysis 
Using non-linear temperature analysis for the short (Figure 5-19) and long (Figure 
5-20) JPCP joint spacings yield damage profiles that exhibit cracking in both traditional 
and alternative mechanisms.  Figure 5-19a utilizes stress range fatigue for the shorter 12-
foot slabs and predicts only bottom-up transverse cracking over a wide area with the 
critical damage near the approach joint.  Changing the transfer function to accommodate 
maximum stress only (Figure 5-19b) in fatigue alters the damage profile so that top-down 
damage at the transverse joint between the wheelpaths is the most critical location, but 
with a high probability of top-down mid-slab transverse cracking to initiate as well. 
Looking at the longer slabs, the predicted fatigue damage profiles predict different 
mechanisms.  When using stress range, bottom-up transverse cracking near the leave and 
approach joints is predicted (Figure 5-20a).  Using maximum stress fatigue algorithm on 
the longer slabs, the critical damage is now top-down transverse cracking near the leave 
joint but still there is a likelihood of top-down longitudinal cracking at transverse joint 
loading locations as shown in Figure 5-20b.  In this case, both the maximum stress and 
stress range fatigue approach yield results that can match exhibited distresses on site 04-
N251.  However, the MEPDG function does predict a greater probability of longitudinal 
cracks forming as seen from Figure 5-16 for this site. 
The timing of the linear and non-linear crack initiation is quite different in this 
case.  For the shorter 12-foot slabs, the ratio of absolute fatigue damage using non-linear 
temperature to that of its linear counterparts is 0.8 and 17.5 for the stress range and 
maximum stress approaches, respectively.  For the longer slabs, these ratios are 0.57 and 
27, respectively.  This represents the dampening power of the stress range approach to 
reduce extreme damage-inducing events in a JPCP fatigue analysis to produce reasonable 
thicknesses regardless of temperature profile assumptions. 
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Figure 5-19.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N251 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
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Figure 5-20.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N251 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
5.3.5 Section 04-N252 
Section 04-N252 is a 500-foot segment located between MP 26.75 and 26.86 near 
section 04-N251 (Central Valley climatic zone).  This section resumes the 14-foot 
skewed joint spacing with standard 12-foot lane widths and an asphalt shoulder.  
However, the PCC thickness remains 8.5 inches on a 7.5 inch CTB and a 6 inch 
aggregate subbase. 
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Constructed in 1952 and widened in 1963, this section of I-80 has been in service 
for over 40 years, but has held up extremely well as seen in Figure 5-21.  Table 5-3 
indicates that only 11% of slabs are cracked transversely and 8% of slabs exhibit corner 
cracking on this site.  No longitudinal cracking exists on section 04-N252. 
Backcalculation of FWD data indicates that this site has a very low average 
EBITD value of -7ºF, which would lead to the corners being supported at most times of 
the day. 
   
Figure 5-21.  Transverse and Corner Cracking on Section 04-N252 on I-80EB in 
Solano County, California. 
5.3.5.1 Linear Analysis 
RadiCAL analyses using linear temperature differences from the Central Valley 
for section 04-N252 yield damage profiles as seen in Figure 5-22.  Bother the stress range 
(Figure 5-22a) and maximum stress approaches (Figure 5-22b) predict transverse 
cracking solely initiating from the bottom of the slab due to the low EBITD level of this 
section.  Due to the majority of slabs being in good condition, the -7ºF EBITD 
backcalculated for this section was verified on several slabs with little variation.  While 
this section does exhibit transverse cracking initiating from near mid-slab, neither linear 
temperature damage profile addresses the corner cracking observed on several slabs in 
this section. 
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Figure 5-22.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N252 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.3.5.2 Non-Linear Analysis 
With non-linear temperature profiles in the fatigue damage analysis, the predicted 
damage profiles were found to be fairly similar using stress range (Figure 5-23a).  
However, the non-linear temperature damage profile using maximum stress (Figure 
5-23b) indicates a significantly different profile to that of its corresponding linear 
temperature damage profile.  The primary mechanism for damage in this case is predicted 
to be top-down transverse mid-slab cracking with a moderate probability of top-down 
longitudinal cracking between the wheelpaths as well.  Since this damage at the 
transverse joint could manifest itself as corner cracking if the crack propagated towards 
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the longitudinal edge of the slab, this particular site exhibits no longitudinal cracking and 
therefore the use of maximum stress in conjunction with non-linear temperature profiles 
seems to predict a more accurate cracking pattern than the other fatigue transfer 
function/temperature profile combinations in this case. 
Due to the low EBITD level, the ratio of absolute damage of the linear 
temperature analyses for both the stress range and maximum stress approaches were 
roughly 0.86 and 2.6 times that of the non-linear temperature cases for the stress range 
and MEPDG functions, respectively. 
   
Figure 5-23.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N252 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
5.3.6 Section 04-N253 
Five miles east of section 04-N252 is the final eastbound I-80 section noted as 
section 04-253.   This 500-foot segment is located between MP 30.83 and 30.94 and was 
originally constructed in 1946, with a widening of the outside lane in 1963 along with 
sections 04-N251 and 04-N252.  This section consists of a 15-foot skewed joint spacing 
with standard 12-foot lane widths and an asphalt shoulder.  Analysis of cores and design 
records revealed this section as a 10 inch PCC slab resting on a 7.5 inch CTB and 6 inch 
aggregate subbase. 
Unlike the previous section 04-N252, this 500-foot section is severely damage 
with respect to fatigue cracking with 82% of slabs with transverse cracking, 88% of slabs 
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with longitudinal cracking, and 9% of the slabs with corner cracking.  One difference 
between this site and previously mention sites with a large amount of both transverse and 
longitudinal cracking is that the longitudinal cracks appear to be the original fatigue 
failure mechanism as most of the transverse cracks are arrested when approaching the 
longitudinal cracks (see Figure 5-24). 
Only one slab was found in the 500-foot site that was fully intact for FWD 
backcalculation.  This one slab exhibited an EBITD value of -9ºF.  However, this value 
can be deemed as fairly unreliable as no replicates were available to assess the level of 
permanent built-in curling for the entire length of site 04-N253. 
  
 
Figure 5-24.  Transverse, Longitudinal, and Corner Cracking on Section 04-N253 
on I-80EB in Solano County, California. 
5.3.6.1 Linear Analysis 
Figure 5-25 shows damage profiles for the linear temperature profile assumption 
for (a.) stress range fatigue and (b.) maximum stress approach using the MEPDG fatigue 
equation.  In both of these cases, the only fatigue damage is concentrated at the bottom of 
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mid-slab, thereby producing transverse cracking only.  Since this site exhibits are large 
amount of longitudinal cracking that appears to be the primary cracking mechanism, 
neither method using linear temperature profiles match this well. 
As the calculated EBITD value is quite moderate at -9ºF, this predicted critical 
damage mechanism is not unexpected.  To produce longitudinal cracking for this 
geometry, load spectra, climate, and shoulder type, an EBITD value around -25ºF to -
30ºF would need to exist.  Even though only one slab was fully intact for EBITD 
backcalculation, direct evidence does not necessarily exist that this level of EBITD 
previously existed on this section before fatigue cracking initiated. 
 
Figure 5-25.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N253 with a.) Stress Range and b.) MEPDG Maximum Stress Damage Analysis. 
5.3.6.2 Non-Linear Analysis 
Just as with the linear analyses, the damage profiles using non-linear temperature 
profiles (Figure 5-26) do not signify significant longitudinal cracking potential for the 
input parameters for this section.  Again, using the non-linear temperature profiles, 
longitudinal cracking damage would start to appear at a smaller EBITD value of -15ºF for 
the maximum stress approach (Figure 5-27) and for this thickness.  Otherwise, it must be 
concluded that no RadiCAL fatigue function properly portrays these damage profiles. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
a.) b.) 
123 
  
Figure 5-26.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N253 with a.) Stress Range and b.) MEPDG Maximum Stress Damage 
Analysis. 
 
Figure 5-27.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N253 and an Assumed EBITD Value with a.) MEPDG Maximum Stress 
Damage Analysis (-15ºF EBITD) and b.) MEPDG Maximum Stress Damage 
Analysis (-20ºF EBITD) 
5.3.7 Section 04-N282 
The first of three sections on US-101 is in the northbound direction and noted as 
section 04-N282.  This section is located between MP 50.52 and 50.63, north of San 
Francisco in Sonoma County (North Coast climate).  The PCC thickness of this section 
ranges from 11.25 to 11.75 inches resting on a 2 inch AC base and 7 inch thick aggregate 
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subbase.  This section utilizes a repeating joint spacing pattern of 13, 15, 12, and 14-feet 
with standard 12-foot lane widths and an asphalt shoulder. 
Constructed in 1993, section 04-N282 appears in good condition overall after 
more than a decade of trafficking (Figure 5-28).  Approximately 3% of slabs are cracked 
transversely and 3% exhibit corner cracking (Table 5-3).  Currently, site 04-N282 
exhibits no longitudinal cracking. 
Backcalculation of FWD data indicates a moderate equivalent temperature 
difference due to permanent built-in curling of -14ºF. 
 
 
Figure 5-28.  Transverse Cracking on Section 04-N282 on US-101NB in Sonoma 
County, California. 
5.3.7.1 Linear Analysis 
For 12-foot joint spacing and using linear temperature profiles, RadiCAL predicts 
bottom-up transverse cracking between the mid-slab and joints with a slight potential for 
longitudinal cracking in the wheelpaths using a stress range approach for fatigue as seen 
in Figure 5-29a.  The combination of high damage near the corner of the slab may 
manifest itself as bottom-up corner cracking.  When using maximum stress approach to 
fatigue on the 12-foot slabs (Figure 5-29b), the resulting damage profile exhibits potential 
for only bottom-up transverse cracking in a very localized area.  However, unlike the 
stress range approach, corner cracking potential is low as damage along multiple edges of 
the slab does not exist. 
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Figure 5-30a and b show the damage profiles for the longer 15-foot slabs which 
exist in this repeating joint spacing section.  When the joint spacing is lengthened, the 
stress range approach (Figure 5-30a) shows a similar profile as the shorter slabs with high 
longitudinal and transverse cracking potential from the bottom of the slab.  However, the 
maximum stress approach reveals little damage at the transverse joint, thereby 
eliminating the potential for longitudinal cracking. 
 
Figure 5-29.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N282 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
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Figure 5-30.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N282 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
5.3.7.2 Non-Linear Analysis 
Just as with the linear profiles for the stress range fatigue transfer function on the 
shorter 12-foot slabs, Figure 5-31a shows a significant amount of fatigue damage for both 
bottom-up transverse and longitudinal cracking using the non-linear temperature profiles.  
This trend is similar for the 15-foot joint spacing slabs as seen in Figure 5-32a.  Due to 
the positioning of the damage in these cases, RadiCAL predictions for fatigue damage 
using stress range is conducive to bottom-up transverse cracking with the small 
possibility of bottom-up corner cracking developing. 
Using the maximum stress MEPDG transfer function for 12-foot slabs (Figure 
5-31b) and longer slabs (Figure 5-32b), very little damage is shown at the transverse 
joint.  The only major difference between the predicted transverse cracking in the short 
and long joint spacing cases is that both top-down and bottom-up transverse cracking 
damage is predicted on the 15-foot slabs, unlike its 12-foot joint spacing counterpart.  
While this section has very little cracking and no longitudinal cracking has formed as of 
the most recent field survey, this fatigue transfer function does address the corner 
cracking (large top-down cracks) that this site exhibits for 12-foot slabs.  Based on this 
limited data for fatigue cracking on this section, the maximum stress approach to fatigue 
tends to predict more accurate critical damage locations in relationship with observed 
distresses. 
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Figure 5-31.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N282 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
 
  
Figure 5-32.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N282 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
5.3.8 Section 04-N284 
One mile north of section 04-N282 resides section 04-N284 (MP 51.69 to 51.79) 
in the North Coast climatic zone.  This section uses the same repeating joint spacing 
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pattern of section 04-N282 with standard 12-foot lane widths and an asphalt shoulder.  
Cores revealed this pavement section had a 10 inch PCC slab resting on a 4.5 inch AC 
base and 6 inch aggregate subbase. 
Constructed also in 1993, section 04-N284 exhibits slightly more fatigue cracking 
than 04-N282 as seen in Figure 5-33.  Approximately 6% of slabs are cracked 
transversely, 11% of slabs are cracked longitudinally, and 3% exhibit corner cracking 
(Table 5-3). 
Backcalculation of FWD data reveals an EBITD level of -10ºF to that was similar 
to section 04-N282 (-14ºF). 
  
Figure 5-33.  Transverse and Longitudinal Cracking on Section 04-N284 on US-
101NB in Sonoma County, California. 
5.3.8.1 Linear Analysis 
Due to the two joint spacing used on site 04-N284, fatigue damage analyses were 
conducted for a shorter joint spacing (Figure 5-34) and longer joint spacing (Figure 5-35) 
using linear temperature profiles.  As this site exhibits transverse, longitudinal, and 
corner cracking, the fatigue algorithm employed in RadiCAL must be able to predict all 
three distresses. 
For both the shorter (Figure 5-34a) and longer (Figure 5-35a) joint spacing using 
linear temperature profiles, the critical damage location is transverse cracking offset from 
the mid-slab edge.  Using the stress range fatigue algorithm, bottom-up longitudinal 
cracking is probable for both joint spacings (relative damage level near 0.12).  The 
locations of these damages in relation to the damage along the longitudinal edge could 
129 
potentially lead to corner cracking initiating roughly 2 feet from the corner of the slab as 
high bottom-up damage along the transverse joint is also predicted near the same corner.  
While the potential for longitudinal cracking using this method is small, this site does 
exhibit this distress as the primary cracking mechanism for the most part.  This suggests 
that the stress range approach more appropriate for linear temperature scenarios on this 
site. 
Using the MEPDG fatigue function for both joint spacings (see Figure 5-34b and 
Figure 5-35b), the predicted critical damage locations result only in bottom-up transverse 
cracking with negligible damage elsewhere.  This damage prediction does not tend to 
agree with the observed cracking distresses on section 04-N284. 
 
Figure 5-34.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N284 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
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Figure 5-35.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N284 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
 
5.3.8.2 Non-Linear Analysis 
RadiCAL predicts similar damage profiles using non-linear temperature profiles 
and stress range fatigue as it did with linear profiles, while the ratio of relative damage 
along the transverse joint differs as seen in Figure 5-36a for shorter joint spacings and 
Figure 5-37a for longer joint spacings.  The damage along the transverse joint for both 
the non-linear stress range is quite reduced relative to the linear temperature cases since 
the self-equilibrating stresses tend to reduce the overall damage at the bottom of the slab. 
For 12-foot joint spacings, the MEPDG transfer function predicts a high level of 
damage (Figure 5-36b) at both the transverse joint (top-down between the wheelpaths) 
and the longitudinal edge of the slab (top-down near mid-slab).  In section 04-N284, the 
longitudinal cracking appears to be prevalent on the slabs with shorter joint spacing.  This 
trend using the MEPDG appears to be a better predictor of longitudinal cracking for this 
site conditions.  On this site, the observed corner cracks are quite large in nature, 
initiating 4-6 feet from the corner of the slab.  This also matches the trend predicted by 
RadiCAL using the MEPDG fatigue function. 
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Figure 5-36.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N284 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
  
Figure 5-37.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N284 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
5.3.9 Section 04-N288 
Adjacent to section 04-N284 is section 04-N288 (MP 51.75 to 51.86) in the 
southbound direction on US-101 in the North Coast climatic zone.  This section also uses 
the repeating joint spacing pattern of section 04-N282 with standard 12-foot lane widths 
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and an asphalt shoulder. The cores showed this section had PCC thickness ranging from 
9.5 to 10 inches on top of a 4.5 inch AC base and 14 inch aggregate subbase. 
Section 04-N288 was constructed in 1993 and is in overall good condition (Figure 
5-38).  Approximately 6% of slabs are cracked transversely and 3% exhibit corner 
cracking (Table 5-3).  Site 04-N288 exhibits no longitudinal cracking currently. 
Backcalculation of FWD data shows a slightly larger EBITD value (-20ºF) on this 
particular site in comparison with the northbound US-101 sites adjacent to this one. 
 
Figure 5-38.  Corner Cracking on Section 04-N288 on US-101SB in Sonoma County, 
California. 
5.3.9.1 Linear Analysis 
Using linear temperature profile predictions for stress range in RadiCAL, the 
damage profiles for the shorter 12-foot slabs (Figure 5-39a) and longer 15-foot slabs 
(Figure 5-40a) indicate a high likelihood of bottom-up transverse cracking between the 
mid-slab point and the corner of the slab.  In both joint spacing scenarios, a moderate 
level of relative fatigue damage (up to 0.19) is shown at the transverse joint that could 
manifest itself as either longitudinal or corner cracking, matching existing fatigue 
cracking on this site. 
A significant difference is noticed in the predicted damage locations using the 
MEPDG maximum stress fatigue algorithm for the shorter (Figure 5-39b) and longer 
(Figure 5-40b) joint spacings.  On the 12-foot slabs, top-down (midway between the mid-
slab and corner of the slab) and bottom-up transverse cracking (near mid-slab) are 
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predicted.  RadiCAL also predicts a significant amount of relative fatigue damage along 
the transverse joint that could manifest itself as top-down longitudinal or corner cracking 
potentially.  However, as the slab length gets longer (Figure 5-40b), the bottom-up 
damage along the longitudinal edge and top-down damage at the transverse joint is not 
predicted.  While only a limited amount of cracked slabs exist on section 04-N288, the 
MEPDG fatigue transfer function seems to predict field surveys fairly well. 
 
 
Figure 5-39.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N288 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
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Figure 5-40.  Relative Damage Profile using Linear Temperature Profiles of Section 
04-N288 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG Maximum 
Stress Damage Analysis. 
5.3.9.2 Non-Linear Analysis 
For both the stress range and maximum stress fatigue damage process in 
RadiCAL, the results are quite similar to their linear counterparts.  For both the 12-foot 
(Figure 5-41a) and 15-foot (Figure 5-42a) joint spacings, the damage profiles predict the 
same location of transverse cracking.  However, no significant damage along the 
transverse joint is predicted relative to the linear temperature cases.  This is due to the 
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self-equilibrating stresses that tend to reduce stresses on the bottom of the slab in 
comparison with the linear temperature assumption cases. 
With the MEPDG maximum stress fatigue function, the longitudinal damage at 
the bottom of the slab for shorter joint spacing is reduce under non-linear temperature 
profiles as seen in Figure 5-41b.  The non-linear temperature assumption and 15-footjoint 
spacing produces a similar damage profile (Figure 5-42b) to the linear temperature profile 
(Figure 5-40b).  However, the predicted absolute fatigue damage level is much larger due 
to the addition of self-equilibrating stresses at the top of the slab, predicting a shorter 
fatigue life than the linear case. 
With very little cracking data available on this section, it is difficult to assess the 
best fatigue algorithm to predict both transverse and corner cracking that exists on this 
site.  However, using non-linear temperature, only the MEPDG maximum stress fatigue 
function predicts any likelihood of corner cracking potentially occurring, although the 
location and subsequent size of the corner crack predicted does not match the limited 
cracking data from Stantec field surveys of section 04-N288. 
  
Figure 5-41.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N288 at 12-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
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Figure 5-42.  Relative Damage Profile using Non-Linear Temperature Profiles of 
Section 04-N288 at 15-foot Joint Spacing with a.) Stress Range and b.) MEPDG 
Maximum Stress Damage Analysis. 
5.4.   Conclusions on Design Verification of In-Service California JPCP Sites 
Eleven JPCP sections in California covering four different climatic zones (South 
Coast, Bay Area, North Coast, and the Central Valley) were analyzed with site specific 
geometry, shoulder considerations, and load spectra (when available) to attempt to 
validate the RadiCAL predictive power in terms of fatigue cracking locations.  
Backcalculation using a FWD on each of these sites permitted site-specific load transfer 
and EBITD values to use in RadiCAL as well.  Each of these sites was analyzed with two 
temperature considerations methods (linear and non-linear piecewise solution) for both 
the Tepfers’ stress range and MEPDG fatigue transfer functions to determine the best 
predictor of crack location. Unfortunately, a wealth of data did not exist for either the 
RPPR or UCPRC sites in terms of the timing of crack initiation or changes in traffic 
levels and load spectra and thus engineering judgment was used on cracking mechanisms. 
When numerous replications of EBITD where available, the stress range approach 
using linear temperature considerations tended to produce fairly realistic damage profiles 
in comparison with observed cracking patterns (Table 5-4).  When considering non-linear 
temperature, the MEPDG fatigue algorithm did predict existing longitudinal cracking in 
several locations, most notably the US-101 sites on the North Coast.  For the sections 
with only a few intact slabs for EBITD backcalculation (shaded in Table 5-4), the 
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MEPDG fatigue transfer function using non-linear temperature did predict some level of 
damage along the transverse joint that could manifest itself as either longitudinal or 
corner cracking. 
Table 5-4.  Summary of Fatigue Transfer Functions that Represent Distresses Noted 
on California Sections. 
Temperature
Fatigue 
Function
Stress 
Range MEPDG
Stress 
Range MEPDG
CA 1-3 x x
CA 2-3 x x x
04-N201 x x
04-N249 x x
04-N250 x
04-N251 x
04-N252 x
04-N253 x
04-N282 x x x
04-N284 x x
04-N288 x x x
Si
te
 ID
Linear Non-Linear
 
As many of these sites did exhibit corner cracking, the stress range approach to 
damage tended to predict this possibility more frequently with high amounts of damage 
along the transverse joint (in wheelpath) and along the longitudinal edge (midway 
between the mid-slab and corner of the slab).  The ability to predict this cracking 
mechanism set the use of this fatigue function apart in most scenarios.  The stress range 
approach also allows for transverse cracking prediction away from the mid-slab area, 
which matched the location of the several of observed transverse cracking patterns.  The 
corner cracking mechanism using the MEPDG fatigue function would result in large 
corner cracks as the initiation point would be roughly 4-feet from the corner of the slab.  
While less likely, the size of the corner cracks predicted in this scenario were noticed on 
some of these sections, thereby lending credence to the use of the MEPDG function as a 
predictive means for alternative cracking mechanisms. 
The use of non-linear temperature in combination with stress range tended to 
produce cases that could potential cause longitudinal or corner cracking, but not as 
significantly as with the use of linear temperature differences only.  As the stress range 
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function developed by Tepfers (1979a) was calibrated for beam data, it may not be an 
accurate representation of slab fatigue behavior.  Calibration of the β coefficient to field 
data may help solve this somewhat.  Domenichini and Marchionna (1981) calibrated this 
β coefficient for field slabs and found a change from Tepfers’ default value of 0.0685 to 
0.0954 to account for factors not present in laboratory beam testing.  This increase in the 
β coefficient would create a steeper fatigue curve, thereby reducing the number of 
repetitions required to initiate fatigue damage. 
The use of more advanced mechanics-based factors such as stress range and non-
linear temperature should be further explored in terms of forensic analysis and calibration 
of JPCP sections.  These factors are just a few pieces to a larger picture that is needed to 
more accurately predict the timing and prevent fatigue failures in JPCPs. 
While a clear picture was not found in terms of the best fatigue transfer function 
to predict locations of cracking, the results show that the use of several functions can be 
used in conjunction with calibration to design against both traditional and alternative 
cracking mechanisms for JPCPs. 
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CHAPTER 6.  COMPARISON OF JOINTED PLAIN CONCRETE PAVEMENT 
DESIGN PREDICTION METHODS 
6.1.   Introduction 
By using the MEPDG version 1.0 (ARA 2007) design software in addition to 
another existing mechanistic-empirical design method in the state of Illinois (Zollinger 
and Barenberg 1989), a comparison with RadiCAL can be made in terms of predicted 
thickness design.  Both the MEPDG and IDOT methods are similar to RadiCAL only that 
a stress-based approach to fatigue failure is utilized and a variety of statistical 
distributions of input parameters are accounted for in a Miner’s Hypothesis-based fatigue 
damage accumulation design. 
In terms of design, JPCP slabs are designed to prevent bending fatigue failure.  
Due to the stochastic nature of fatigue failure, all slabs will not crack at the mean time to 
failure predicted by a mechanistic-empirical design methodology.  Therefore, reliability 
concepts are used to complement this mean failure approach to both account for this 
probability distribution of failure and to also design to a certain level of reliability.  In 
doing so, probability assures that the number of slabs cracked will not be exceeded 
during the design period of a JPCP.  Both the MEPDG and IDOT methods employ a 
reliability-based process for their designs, albeit different, to account for variance in the 
timing of fatigue failure in JPCP slabs. 
6.1.1 MEPDG JPCP Thickness Design Method 
The MEPDG (ARA 2007) was developed under NCHRP 1-37A as a robust 
software for the design of new or rehabilitation of asphalt and concrete pavements.  This 
program utilizes engineering mechanics to find stress, strains, and deflections and utilizes 
these outputs to predict performance of the pavement over its design life.  Traffic is 
characterized using a load spectra concept while accounting for steer-drive axle spacings 
as well as the individual axle spacing on a tandem, tridem and quad axle.  The MEPDG 
has the ability to predict environmental (climate) impacts on pavement response and 
design at virtually any location in the United States.  One of the more unique features of 
the MEPDG is the ability to account for a variety of material inputs and their impact on 
pavement response to better capture deterioration of the pavement and improve design 
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predictions.  For JPCPs, the MEPDG utilizes a nationally-calibrated fatigue equation, as 
seen in the equation below, originally derived from U.S. Army Corps of Engineers field 
slab test results. 
22.1
0.2)( ⎟⎠
⎞⎜⎝
⎛= σ
MORNLog      (Equation 6-1) 
where: 
N   =  number of repetitions to failure 
MOR  = modulus of rupture of the concrete 
σ  = applied maximum stress level 
The MEPDG uses a stress prediction neural network in a real-time setting in 
conjunction with this fatigue transfer function to predict either bottom-up or top-down 
transverse fatigue cracking near the mid-slab edge.  The MEPDG also allows for a user-
specified failure criteria  in terms of both reliability and percentage of slabs cracked. 
6.1.2 Illinois Department of Transportation JPCP Thickness Design Method 
As one of the earlier mechanistic-empirical methods developed, the IDOT method 
for design of JPCPs employ a simplified stress-based approach that accounts for both 
load and temperature in fatigue.  Stresses are determined using charts or regression 
equations (Salsilli-Murua 1991, Thompson and Barenberg 1992) developed from finite 
element analyses using Illislab (Tabatabaie and Barenberg 1978, Ioannides 1984, 
Korovesis 1990, and Khazanovich 1994).  Traffic is represented by an 18-kip ESAL with 
the lateral wheel wander of these trucks being represented by a normal distribution with 
mean of 18-inches from the edge and a standard deviation of 10-inches.  IDOT JPCP 
designs are designed to a reliability level of 95% by using a traffic multiplier of 4 times 
the original projected ESALs and limiting the percentage of slabs cracked from bottom-
up at the mid-slab edge during the design life to 20% for higher volume facilities. 
Temperature stresses are superimposed on load-related stresses using an R-factor 
to account for the effect of slab lift-off on stress development.  The IDOT method 
assumes three different temperature gradients of +1.65ºF/inch, -0.65ºF/inch, and 0ºF/inch 
to account for daytime, nighttime, and transition periods of the day.  This method 
assumes that the daytime gradient condition occurs 25% of the time, the nighttime 
141 
gradient condition 35% of the time, and the transition period to occur 40% of the time.  
For a 12-inch JPCP slab, these gradients would represent a ΔT of 19.8ºF and -12.9ºF, 
which do not necessarily represent the extreme conditions that may drive fatigue damage 
development using a Miner’s Hypothesis-based approach. 
Subgrade support can also be modified for changing conditions through the year 
by assuming a percentage of time under a given k-value. 
The number of repetitions until failure is determined using the Zero Maintenance 
equation (Darter 1977).  To develop this concrete fatigue function, Darter compiled 140 
fatigue beam results from three published studies Kesler (1953), Raithby and Galloway 
(1974), and Ballinger (1972) into one least square regression  in the following equation: 
( ) ⎟⎠
⎞⎜⎝
⎛=
MOR
σ17.61 - 17.61  N Log f     (Equation 6-2) 
where: 
Nf   =  number of load application until failure 
σ   =  applied maximum stress level 
MOR   =  modulus of rupture of the concrete 
 
Many fatigue transfer functions for concrete fatigue exhibit a semi-logarithmic 
relationship such as shown above.  This presents a dilemma in rigid pavement analysis 
using a linear damage accumulation method such as Miner’s Hypothesis. The predicted 
damage accumulated using this method tends to be primarily due to the heaviest axle 
loads and their associated stresses on the pavement, thereby neglecting a vast majority of 
loads in the damage accumulation. 
Using this fatigue transfer function, one can easily assess the impact of stress 
differences on the number of applied loads until failure.  Assuming a mean 14-day 
modulus of rupture of 650 psi as is done in the IDOT method and an applied repeated 
stress of 500 psi (stress ratio of 0.77), this transfer function would predict 11,584 
repetitions at this stress level until failure.  A twenty percent reduction in stress to 400 psi 
(stress ratio of 0.62) would predict almost 6,000,000 repetitions until failure.  This 
essentially means that one repetition at 500 psi would equate to 3,512 repetitions at 400 
psi in this fatigue counting routine.  Consequently, an applied stress of 300 psi would 
require over 260,000 repetitions to equal one applied stress load of 500 psi.  Therefore, 
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these lower applied stresses are dominated by a few single high stress applications and 
essentially do not add considerable damage under these assumptive conditions. 
Using the Tepfers-type transfer function in rigid pavement analysis can help 
dampen this effect somewhat as the areas of the slab that undergo the highest applied 
stress levels also exhibit the highest curling stresses.  Therefore the change in stress when 
the load is applied is not as great and does not dominate the damage development as 
much. 
6.1.3 RadiCAL JPCP Thickness Design Method 
In Chapters 3 and 4, the development of RadiCAL as a damage accumulation 
method for multiple locations along the transverse joint and longitudinal edge was 
presented.  However, to design for a given failure level in terms of slabs cracked at a 
specified reliability level higher than the mean, fatigue damage must be related to a field 
calibrated cracking model.  The following section overviews the method to achieve this 
for use of RadiCAL to determine design thicknesses in JPCPs. 
6.1.3.1 Adaptation of MEDPG Mean Cracking Levels Prediction in RadiCAL 
As RadiCAL is currently in an uncalibrated state and based from only purely 
mechanistic responses, its only output is fatigue damage magnitude.  Using reliability 
based functions developed for the MEPDG (ARA 2007), these fatigue damage levels can 
be converted into a level of cracking to attempt to provide thickness design comparisons 
against existing mechanistic-empirically based procedures. 
The MEPDG uses a sigmoid function to convert fatigue damage level to a mean 
level of slabs that would be cracked in a given section as seen in the equation below.  
This function was developed using LTPP data and is calibrated for the MEPDG analysis 
program.  Graphically, this can be represented as an s-shaped curved as seen in Figure 
6-1.  This sigmoid function assumes that a fatigue damage level of 1.0 represents a mean 
cracking level (50% probability that crack will occur on a given slab at this damage 
level). 
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( ) 98.11
1
−+= FDI
CRK       (Equation 6-3) 
where: 
CRK  =  Predicted amount of bottom-up or top-down slab cracking 
(fraction) 
DIF  = Fatigue damage level after design period using Miner’s  
Hypothesis for linear fatigue damage accumulation 
 
Figure 6-1.  Sigmoid Function for Converting Fatigue Damage Level into Slabs 
Cracked in the MEPDG (After ARA 2007). 
6.1.3.2 Incorporation of MEPDG Reliability in RadiCAL 
Both the MEPDG and RadiCAL have the ability to calculate damage at the top 
and bottom of the JPCP slab.  However, the MEPDG only examines four nodal locations 
at the top of the slab (near mid-slab along the longitudinal edge) and at one node at the 
exact mid-slab edge at the bottom of the slab.  RadiCAL has the ability to examine 
fatigue damage at every four-inch increment along the top and bottom of both the 
longitudinal edge and transverse joint, resulting in up to 178 potential fatigue cracking 
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initiation points (89 on both the top and bottom of the slab), depending on geometry of 
the slab.  Equation 5-4 assumes that a slab can crack either from the bottom to the top of 
the slab or from the top of the slab down to the bottom.  However, this equation assumes 
that the slab cannot crack from both of these mechanisms.  It should be noted that while 
the MEPDG developed and uses this equation to convert to a mean level of cracking 
expected from both top-down and bottom-up mechanisms, this program expresses the 
maximum CRK level of four top-down locations in conjunction with the bottom-up CRK 
level to find the mean level of cracking for a particular analysis.  In RadiCAL, the top-
down and bottom-up CRK values are always paired at the same location in the x-y 
(surface) plane of the slab.  For these 89 pairs of fatigue damage levels in RadiCAL, 
equation 5-4 is used to predict the cracking level at that given location on the slab. 
( ) %100** TDBUTDBU CRKCRKCRKCRKCRACK −+=  (Equation 6-4) 
where: 
CRACK =  Total amount of transverse or longitudinal cracking of all  
severities (%) 
CRKBU  =  Predicted amount of bottom-up cracking (fraction) 
CRKTD  =  Predicted amount of top-down cracking (fraction) 
Statistical principles state that since the cracking must occur from one direction, 
the probability of cracking occurring from both directions must be subtracted to properly 
account for this single cracking mechanism as seen in Figure 6-2. 
 
Figure 6-2.  Venn Diagram Accounting for Single Cracking Mechanism in Cracking 
Prediction Model (After ARA 2007). 
Probability of Bottom-
Up Cracking 
 Probability of Top-
Down Cracking 
Intersection of Bottom-Up and Top-
Down Cracking Probability 
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The MEPDG estimate of the standard error for the cracking prediction follows a 
power function as related to the mean level of cracking for a given section as seen in 
equation 5-5.  This model was adapted for use in RadiCAL. 
99.2)*3116.5( 3903.0 += CRACKse     (Equation 6-5) 
where: 
se  =  Standard error of estimate for cracking at mean predicted level 
As most JPCP designs are not designed at 50% reliability for the design period, 
the standard error can be multiplied by the z-value for a given reliability level to 
determine the predicted level of fatigue cracking at this specified reliability.  For 95% 
reliability of a single-tailed distribution, the z-value would be 1.645.  This level of 
reliability is used in the comparisons between the MEPDG, IDOT M-E, and RadiCAL 
methods for thickness design.  This value from equation 5-6 would result in a 95% 
probability that a certain level of cracking will be less than this calculated level. 
esCRACKCRACK *645.195 +=     (Equation 6-6) 
where: 
CRACK95  =  Predicted level of cracking at 95% reliability for a given  
JPCP section 
6.2.   Design Methodology Comparison 
A design comparison was conducted between the MEPDG, IDOT, and RadiCAL 
methods for a variety of design parameters to compare predicted cracking locations and 
actual slab thickness values.  Input parameters were modified to determine the minimum 
JPCP thickness (in 0.5-inch increments) to achieve less than 20% of slabs cracked after 
20 years of service at 95% reliability.  The variables modified are as follows: 
• Joint Spacing:  12 and 15-feet 
• Shoulder Type:  AC shoulder, tied PCC, widened slab (AC shoulder) 
• Subgrade Type:  A-3 granular and A-7-6 clay 
• Built-in Curl Level:  -10ºF (part of the study varies from 0 to -40ºF) 
• Traffic Level:   1,600 (moderate) and 9,575 (high) two-way  
AADTT corresponding to 10 and 60 million ESALs 
over the design life, respectively 
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The load spectra utilized in this study was the MEPDG default (Appendix A).  
The steer-drive axle spacing distribution for this study was also kept at the MEPDG 
default with 33% of these spacings at 12-feet, 33% at 15-feet, and 34% at 18-feet.  Other 
traffic characteristics kept at constant values for these analyses include the following: 
• Number of lanes in design direction:  2 
• Percent of trucks in design direction (%): 50 
• Percent of trucks in design lane (%):  95 
• Yearly Growth Factor:   No Growth 
However, the vehicle class distribution for several weigh stations in Illinois found 
very different results than the MEPDG default values as seen in Table 6-1.  In this case, 
the Illinois weigh stations note an extremely high number of Class 9 vehicles in 
comparison with national averages.  An average vehicle class distribution from over 100 
WIM sites in California also shows a higher percentage of Class 9 vehicles than the 
default MEPDG distribution (Lu et al. 2001).  Therefore, the average Illinois vehicle 
class distribution was used in the design comparison. 
Table 6-1.  Vehicle Class Distribution for Illinois, California, and MEPDG Program 
Default. 
Vehicle 
Classification
Illinois 
Average (%)
California 
Average (%)
MEPDG 
Default (%)
Class 4 1.4 1.1 1.8
Class 5 3.8 23 24.6
Class 6 2.3 5.2 7.6
Class 7 0 0.3 0.5
Class 8 3.8 6.7 5
Class 9 84.4 50.6 31.3
Class 10 0.5 0.6 9.8
Class 11 2.8 8.8 0.8
Class 12 0.3 1.1 3.3
Class 13 0.3 0.1 15.3  
Lateral wheel wander for this comparison was also kept at default levels for both 
the MEPDG and RadiCAL (normal distribution with mean 18-inches from the lane 
delineation and standard deviation of 10-inches). 
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Material values for the PCC layer were kept constant at the default values with the 
exception of the modulus of rupture.  The MEPDG program utilizes a growth factor 
dependent on age for strength of concrete according to the following equation. 
2
0767.0
log*01566.0
0767.0
log*12.01 ⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛−⎟⎠
⎞⎜⎝
⎛+= AGEAGEGF  (Equation 6-7) 
where: 
GF   =  Growth multiplication factor to convert 28-day strength to  
strength at specified time 
AGE   =  Age of concrete at time of interest (years) 
The IDOT specifies a minimum 14-day center-point flexural bending strength 
(ASTM C293 2003) of 650 psi.  Assuming a standard growth of this bending strength, 
this typically can be equated with a 90-day third-point bending strength (ASTM C78 
2003).  However, the MEPDG requires a 28-day third-point modulus of rupture value as 
an input.  Therefore, a 10% reduction of this 90-day strength was utilized (585 psi) in 
these analyses (Zollinger and Barenberg 1989).  Using a 28-day flexural strength of 585 
psi, this MEPDG growth function would predict an increase to 692 psi at 10 years or half 
the design life.  Since RadiCAL does not employ a growth function for strength and 
performs damage calculations assuming a constant strength, this 692 psi was utilized for 
these design comparisons.  The IDOT method assumes a constant flexural strength of 650 
psi for its design thickness charts.  Therefore, design JPCP thicknesses using this method 
should inherently be slightly thicker than either the RadiCAL or MEPDG methods. 
For each of these design comparisons, the Zero Maintenance, MEPDG, and 
Tepfers’ stress range fatigue transfer functions were employed in RadiCAL for both 
linear and non-linear temperature profiles.  However, the thickness comparisons shown 
are employing only the MEPDG fatigue function with non-linear temperature profiles for 
the thicknesses derived in RadiCAL.  However, critical damage locations using RadiCAL 
are noted for all three fatigue damage functions later in the discussion. 
6.2.1 Climatic Impact 
The first variable this design thickness comparison focuses on is that of climate.  
Varying the location of the weather station used for the EICM (Larson and Dempsey 
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1997) in both the MEPDG and RadiCAL can modify the temperature profiles and 
subsequent stress states and unsupported areas of the slab.  However, the IDOT method 
assumes a constant climate for the entire state of Illinois as described earlier.  A design 
comparison was conducted between the MEPDG, IDOT, and RadiCAL methods for the 
four Illinois locations seen in Figure 6-3 (Chicago Midway, Chicago DuPage, Peoria, and 
Carbondale) to represent the northern, central, and southern portions of the state. 
 
Figure 6-3.  Climate Location of Illinois JPCP Design Comparisons. 
6.2.1.1 Thickness Trends 
Figure 6-4 shows the resulting design thickness for a JPCP with 15-foot joint 
spacing and an asphalt concrete shoulder under a moderate level of traffic (10 million 
ESALs) for the four locations mentioned previously.  For the MEPDG method, the 
resulting design thickness is quite variable depending on location, resulting in a 24% 
reduction in required thickness from Chicago Midway in comparison to Chicago DuPage 
and Carbondale.  The IDOT method predicts a constant thickness for all locations in 
Illinois, which is quite conservative in terms of absolute thickness in comparison to the 
other mechanistic-empirical methods.  The use of RadiCAL with the MEDPG fatigue 
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Peoria
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149 
transfer function predicts a constant design thickness, which falls between the MEPDG 
and IDOT thickness designs. 
 
Figure 6-4.  Impact of Climatic Location on JPCP Relative Thickness for 15-foot 
Joint Spacing, AC Shoulder, and 1,600 AADTT. 
Increasing the volume of traffic to equate to 60 million ESALs, the design 
thicknesses are increased substantially as seen in Figure 6-5.  While the same trends exist 
for the IDOT and MEPDG design methods, RadiCAL predicts that a 5% thinner concrete 
slab is needed at Chicago Midway in comparison with all other locations in the state of 
Illinois.  Further analysis shows that at the lower traffic level from Figure 6-4, the 
cracking level at 95% reliability was significantly less than other locations as well.  
However, as all required thicknesses were rounded up to the nearest 0.5 inch, the impact 
on constructed thickness from these analyses was lost. 
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Figure 6-5.  Impact of Climatic Location on JPCP Relative Thickness for 15-foot 
Joint Spacing, AC Shoulder, and 9,575 AADTT. 
The straight-line distance between the Chicago Midway and Chicago DuPage 
weather stations is roughly 25 miles.  However, for the high AADTT scenario, the 
difference in required design thickness using RadiCAL is a 5% reduction and a 20% 
reduction using the MEPDG.  This shows the tempering influence of large bodies of 
water on local climates in the Chicago area as Midway is only 7 miles from Lake 
Michigan, while DuPage is roughly 30 miles in distance from the lake.  This effect can be 
seen by looking at the predicted frequency plot of ΔT for these four locations in Illinois 
(see Figure 6-6) using hourly output data from EICM for years 2000-2004.  While 
DuPage, Carbondale, and Peoria show similar predicted temperature difference 
frequencies, Midway shows a slightly different distribution.  This is most noticeable at 
the extreme ends of both the positive and negative ΔT where Midway is virtually absent 
in comparison with the other three Illinois sites.  The tails of this distribution drive the 
highest stress levels and their subsequent damage accumulations, thereby requiring an 
increased thickness to compensate.  With little of these extreme events comparatively, the 
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Midway weather station would suggest that thinner slabs could be constructed in the city 
of Chicago with all other input parameters being equal.  However, JPCP designs in a city 
such as Chicago would tend to require the highest level of reliability in order to reduce 
potential for rehabilitation and reconstruction of these sections under extremely heavy 
traffic levels.    An increase of reliability from 95% to 99% using RadiCAL would 
increase the design thickness at Midway by 0.5 inches in this case.   
 
Figure 6-6.  Frequency of Hourly Temperature Differences for Four Illinois Sites 
using EICM for Years 2000-2004. 
6.2.1.2 Locations of Critical Fatigue Damage 
Using linear temperature differences in RadiCAL, Table 6-2 shows the 
comparison of critical damage locations in comparison to the MEPDG and IDOT 
methods for three different fatigue transfer functions in terms of climatic location.  Due 
to its limitations, the IDOT method will predict bottom-up transverse cracking to be 
critical in all cases.  Specific relative damage profiles for these cases can be seen in 
Appendix B of this dissertation. 
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Table 6-2.  Predicted Critical Damage Locations for Four Illinois Cities using Three 
M-E Design Methods with Linear Temperature Profile in RadiCAL. 
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up 
alternative
Bottom-
up 
wheelpath
Top-down 
between 
wheelpath
Carbondale lowa highb higha lowb x All
DuPage x xa x ZM ME SR
Midway x x ZM ME SR
Peoria x xa x ZM ME SR
a Refers to the level of AADTT
SR=Tepfers stress range, ZM=Zero Maintenance, ME=MEPDG fatigue transfer function in RadiCAL
MEPDG IDOT RadiCAL
Transverse Cracking Transverse Cracking Transverse Cracking Longitudinal 
b Refers to the significant level of  relative damage (>0.15) at secondary location
 
In most cases, the use of any fatigue function in RadiCAL predicted bottom-up 
cracking at mid-slab.  However, the use of the stress range function found slightly offset 
critical damage location (closer to the transverse joint) that was not found using the other 
methods.  The effect of greater traffic levels did not affect the critical damage location for 
these cases in RadiCAL despite the increase in slab thickness. 
For the cases analyzed in this climatic study (AC shoulder, 15-foot joint spacing, 
A-7-6 subgrade) the MEPDG generally predicts the critical transverse cracking location 
to be at the bottom of the slab, with the exception of the high traffic level cases found at 
Carbondale.  All sites except for the Chicago Midway location also showed a significant 
amount of relative damage (0.15 or greater) indicating top-down cracking near mid-slab, 
which was not predicted by RadiCAL in these cases using linear temperature differences. 
For this study, the Carbondale location predicted the thickest section of any 
location in Illinois using the MEPDG.  For cases found in this comparison, the MEPDG 
method will predict bottom-up transverse cracking to be critical at thicknesses less than 
9.5 inches on a A-7-6 subgrade, while thicker slabs tend to have top-down transverse 
cracking becoming dominant.  This difference in cracking mechanism lies with the 
interaction between the radius of relative stiffness (ℓ) and the slab length (L).  With 
thinner slabs, the ratio L/ℓ is higher than with thicker slabs for a fixed slab length (L).  
The larger this ratio becomes, the closer to an infinite slab condition exists and the tensile 
stresses on the top of the slab interact less at near the mid-slab location when analyzing 
steer-drive axle load cases.  This increase in stress therefore leads to higher probability of 
bottom-up cracking occurring in thinner JPCP sections with all other factors being equal. 
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Table 6-3 shows the same comparison of critical damage locations as Table 6-2, 
except that the piecewise method to account for self-equilibrating stresses from non-
linear temperature profiles is utilized for the RadiCAL cases.  When doing so, the stress 
range fatigue function tends to predict bottom-up transverse cracking at the mid-slab 
location just as the Zero Maintenance and MEPDG fatigue functions.  This critical 
damage location matches both the IDOT and MEPDG and is indicated by the shaded 
cells of Table 6-3.  However, both the Zero Maintenance and MEPDG transfer function 
show a significant amount of relative damage indicating top-down transverse cracking as 
a possibility.  As both the MEPDG and RadiCAL utilized Illislab for stress prediction 
algorithms and maximum stress fatigue functions in this case, there is a positive 
correlation that helps validate each method to some degree. 
Table 6-3.  Predicted Critical Damage Locations for Four Illinois Cities using Three 
M-E Design Methods with Non-Linear Temperature Profile in RadiCAL. 
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up 
alternative
Bottom-
up 
wheelpath
Top-down 
between 
wheelpath
Carbondale lowa highb higha lowb x All
DuPage x xa x All ZMb MEb
Midway x x All
Peoria x xa x All ZMb MEb
MEPDG IDOT RadiCAL
Transverse Cracking Transverse Cracking Transverse Cracking
b Refers to the significant level of  relative damage (>0.15) at secondary location
SR=Tepfers stress range, ZM=Zero Maintenance, ME=MEPDG fatigue transfer function in RadiCAL
a Refers to the level of AADTT
Longitudinal 
 
6.2.2 Joint Spacing Impact 
The next parameter this comparison will focus on is joint spacing.  A few 
limitations exist between the three methods.  The statewide IDOT design method does 
not compensate directly for thickness changes with joint spacing and instead assumes that 
all designs will be for a joint spacing of 15-feet.  RadiCAL is limited to joint spacing of 
12-feet and 15-feet as the initial development of the program was for new designs in 
California and joint spacing is now limited considerably in that state.  In contrast, the 
MEPDG has the ability to analyze any joint spacing ranging from 12 to 20 feet for 
JPCPs.  Due to this limitation, only 12 and 15-foot joint spacings will be analyzed.  For 
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the joint spacing and shoulder type studies, the Carbondale climatic location with A-7-6 
subgrade soil was also used. 
6.2.2.1 Thickness Trends 
A comparison of the impact of joint spacing on design thickness for JPCPs can be 
seen in Table 6-4 with the 12-foot joint spacing cases with an AC shoulder being the 
reference thickness.  For AC shoulder cases, the MEPDG predicts an increase in 
thickness of 42% and 18% for the moderate and high truck traffic values, respectively, as 
the joint spacing increases from 12 to 15 feet.  Conversely, RadiCAL predicts 0 and 5% 
increase of required thickness for the same scenarios.  The sensitivity to curling-related 
effects in terms of thickness design in the MEPDG can also be aggravated by factors 
directly affecting the temperature profile (absorptivity) or curling related stresses 
(coefficient of thermal expansion) as noted by Kannekanti and Harvey (2006). Just as 
with the climatic study from the previous section, the RadiCAL thickness prediction 
using the MEPDG fatigue function and slab cracking models predicts thicknesses 
between the MEPDG and IDOT design thicknesses. 
While the thicknesses are reduced when using a tied PCC shoulder, RadiCAL still 
predicts a 0 to 6% reduction of required thickness when joint spacing is reduced from 15-
feet to 12-feet.  The MEPDG shows a similar trend as thickness is reduced 12.5% for the 
high volume traffic and there is no reduction at the moderate traffic level due to the 
program’s minimum thickness requirement of 6 inches.  Therefore, from a mechanistic 
perspective, the sensitivity of joint spacing on thickness for the RadiCAL cases is similar 
to that of the AC shoulder scenarios. 
Using a widened slab with an asphalt shoulder, the same trends exist for the 
MEPDG, while RadiCAL shows no sensitivity for joint spacing in terms of minimum 
required thickness.  It should be noted that for both the moderate and high traffic level 
scenarios, the cracking predicted does increase in RadiCAL, but not enough to affect 
design thickness. 
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Table 6-4.  Impact of Joint Spacing on JPCP Relative Thickness for Carbondale, 
Illinois using Three M-E Design Methods. 
MEPDG IDOT RadiCAL MEPDG IDOT RadiCAL MEPDG IDOT RadiCAL
12 1 1 1 1 0.95 0.84 1 0.88 0.84
15 1.42 1 1 1 0.95 0.89 1 0.88 0.84
MEPDG IDOT RadiCAL MEPDG IDOT RadiCAL MEPDG IDOT RadiCAL
12 1 1 1 0.82 0.98 0.95 0.82 0.90 0.95
15 1.18 1 1.05 0.94 0.98 0.95 0.94 0.90 0.95
AADTT 1600
Joint 
Spacing 
(ft)
AC Shoulder Tied PCC Shoulder Widened Slab w/ AC Shoulder
AADTT 9575
Joint 
Spacing 
(ft)
AC Shoulder Tied PCC Shoulder Widened Slab w/ AC Shoulder
 
6.2.3 Shoulder Type Impact 
The next factor that impacts both thickness and critical damage location is that of 
the shoulder type.  This analysis looks at three different types of shoulders for the three 
mechanistic-empirical design methods: standard slab width (12-feet) with an asphalt 
concrete shoulder, standard slab width with a tied PCC shoulder (LTE=50% in 
RadiCAL), and a widened slab (14-feet) with the lane delineation painted two-feet from 
the true slab edge. 
6.2.3.1 Thickness Trends 
For this analysis, the analysis of shoulder type on required thickness and location 
of cracking is broken down into two categories based on traffic levels: the moderate 
traffic level (1,600 AADTT) and the heavy traffic level (9,575 AADTT). 
6.2.3.1.1 Moderate Traffic Levels 
For moderate traffic levels, the trend of required thickness to satisfy less than 20% 
of slabs cracked at 95% reliability can be seen in Figure 6-7 for 12-foot joint spacing and 
Figure 6-8 for 15-foot joint spacing. RadiCAL predicts a decrease of 16% in thickness 
when utilizing a tied PCC shoulder or widened slab, while the IDOT method predicts a 
5% reduction for tied shoulders and 12% for the widened lane with 12-foot joint spacing 
(Figure 6-7).  The MEPDG does not predict any thickness difference at this level of 
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traffic due to the predicted thickness requirements being less than the minimum 6 inches 
for this design method. 
 
Figure 6-7.  Impact of Shoulder Type on JPCP Relative Thickness for Carbondale, 
Illinois, 12-foot Joint Spacing, and 1,600 AADTT. 
Using a 15-foot joint spacing as seen in Figure 6-8, the trends are a little more 
apparent as the MEPDG predicts a 29% decrease in required thickness from the standard 
lane width with AC shoulders to either the tied PCC shoulder or widened slab case.  The 
same trend is noted in RadiCAL with a 11% thickness reduction for adding a tied PCC 
shoulder and a 16% reduction for utilizing a widened slab. 
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Figure 6-8.  Impact of Shoulder Type on JPCP Relative Thickness for Carbondale, 
Illinois, 15-foot Joint Spacing, and 1,600 AADTT. 
6.2.3.1.2 Heavy Traffic Levels 
At higher traffic levels, similar trends in terms of thickness are noted for all three 
design methods.  Using RadiCAL, the thickness reduction for adding a tied PCC shoulder 
or widening the slab width results is 5% for a 12-foot joint spacing design (Figure 6-9) 
and 10% at a joint spacing of 15-feet (Figure 6-10).  The MEPDG predicts a reduction of 
18% for 12-foot joint spacing whether tied shoulders or widened slabs are employed.  For 
15-foot slab size, the thickness reductions using the MEPDG are 20% for tied shoulder 
and widened slab designs relative to AC shoulder designs.  The IDOT method 
demonstrates a 2% and 12% thickness reduction when using tied shoulder and widened 
slabs, respectively. 
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Figure 6-9.  Impact of Shoulder Type on JPCP Relative Thickness for Carbondale, 
Illinois, 12-foot Joint Spacing, and 9,575 AADTT. 
 
Figure 6-10.  Impact of Shoulder Type on JPCP Relative Thickness for Carbondale, 
Illinois, 15-foot Joint Spacing, and 9,575 AADTT. 
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6.2.3.2 Locations of Critical Fatigue Damage 
Table 6-5 compares the critical and secondary damage locations with for two 
traffic levels (1600 and 9575 AADTT), two joint spacings (12-foot and 15-foot), and 
three shoulder types (AC shoulder, tied PCC shoulder, and widened slab with AC 
shoulder) using the three mechanistic-empirical design methods.  Table 6-5 also assumes 
a linear temperature profile for the RadiCAL designs regardless of fatigue transfer 
function utilized and that critical damage locations for the Tepfers’ and Zero 
Maintenance fatigue functions were analyzed for the design thicknesses determined using 
the MEPDG fatigue function. 
In general, the MEPDG, IDOT, and RadiCAL methods tended to match critical 
fatigue damage locations at the bottom of mid-slab when using AC or tied PCC shoulders 
with shorter 12-foot joint spacings, regardless of traffic level.  This is noted by the shaded 
cells in Table 6-5.  However, when changing the joint spacing to 15-feet, critical damage 
locations are not necessarily the same.  In many of these cases, the Tepfers’ stress range 
predicts an alternative bottom-up crack initiating along the longitudinal edge, but not at 
the mid-slab location.  Instead this location is roughly halfway between the mid-slab and 
corner of the slab.  Due to high stresses from both single and tandem axles placed at this 
location and the relatively low residual temperature stresses in comparison with the mid-
slab edge location, the stress range approach accounts for a significant amount of fatigue 
damage accumulation at these locations. 
In general, the MEPDG predicts similar critical damage locations as RadiCAL 
when using a maximum stress fatigue approach such as the Zero Maintenance or 
MEPDG fatigue function for standard lane widths. 
When considering widened slabs, in almost all cases RadiCAL predicts the 
critical damage location to be at the transverse joint under either the inner or outer 
wheelpath.  Since the extended lane width effectively keep axle loads away from the true 
slab edge, the importance of loads at the transverse joint becomes imperative.  In 
comparison, the critical location for damage accumulation in the MEPDG for widened 
slabs is at the mid-slab edge, but at the adjacent lane (and not the AC shoulder).  This 
difference in potential critical locations will result in different design thicknesses 
potentially. 
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In high traffic cases with 15-foot joint spacing and widened slabs, the Zero 
Maintenance function in RadiCAL does predict top-down transverse cracking emanating 
from the shoulder to be critical.  However, in this case the level of relative damage in the 
wheelpath along the transverse joint was also quite significant (0.5). 
With RadiCAL’s ability to predict fatigue mechanisms at alternative locations, the 
program may not necessarily predict the same thickness reduction for adding either a tied 
PCC shoulder or extending the slab width.  It is important to note that the fatigue damage 
mechanism that is being designed against in RadiCAL may not correspond to that of 
either the IDOT or MEPDG design methods. 
Table 6-5.  Predicted Critical Damage Level Locations by Joint Spacing, Shoulder 
Type, and Truck Traffic Level using Three M-E Design Methods with Linear 
Temperature Profile in RadiCAL. 
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up 
alternative
Bottom-
up 
wheelpath
Top-down 
between 
wheelpath
12 x x All
15 x xa x All
12 x xa x ZM ME SR
15 xa x x ZM ME ZMa SR SRa
12 x x All
15 x x ZM ME ZMa SR SRa ZMa
12 x x All
15 x xa x ZM ME SR SRa MEa
12 x x All
15 x x All ZMa
12 x x All
15 x xa x ZM
SR ME 
ZMa ZM
a
AADTT 9575
a Refers to the significant level of  relative damage (>0.15) at secondary location
SR=Tepfers stress range, ZM=Zero Maintenance, ME=MEPDG fatigue transfer function in RadiCAL
AADTT 1600
AADTT 9575
Widened Slab with AC Shoulder
AADTT 1600
AC Shoulder
AADTT 1600
AADTT 9575
Tied PCC Shoulder
Joint 
Spacing 
(ft)
MEPDG IDOT RadiCAL
Transverse Cracking Transverse Cracking Transverse Cracking Longitudinal 
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Table 6-6 shows the same comparison as Table 6-5, except that the RadiCAL 
cases are run considering non-linear temperature profiles.  For cases with AC shoulders, 
the three design methods predict similar critical damage locations at the bottom of the 
mid-slab edge with the exception of the stress range cases with 15-foot joint spacing. 
The same trend exists for tied PCC shoulder cases as the Zero Maintenance and 
MEPDG fatigue functions in RadiCAL tend to predict the critical damage location at the 
bottom of the mid-slab edge at -10°F built-in curl.  The stress range function tends to 
predict bottom-up transverse cracking closer to the corner of the slab in these scenarios. 
Table 6-6.  Predicted Critical Damage Level Locations by Joint Spacing, Shoulder 
Type, and Truck Traffic Level using Three M-E Design Methods with Non-Linear 
Temperature Profile in RadiCAL. 
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up mid-
slab
Top-down 
mid-slab
Bottom-
up 
alternative
Bottom-
up 
wheelpath
Top-down 
between 
wheelpath
12 x x All
15 x xa x ZM ME ZMa MEa SR
12 x xa x All ZMa
15 xa x x ZM ME ZMa MEa SR SRa
12 x x ZM ME SR ZMa MEa
15 x x ZM ME ZMa SR Alla ZMa
12 x x ZM ME SR MEa
15 x xa x ZMa MEa ZM ME SR SRa
12 x x All ZMa MEa
15 x x All ZMa MEa
12 x x All ZMa MEa
15 x xa x ZM MEa
SR ME 
ZMa ZM
a
AC Shoulder
SR=Tepfers stress range, ZM=Zero Maintenance, ME=MEPDG fatigue transfer function in RadiCAL
MEPDG IDOT RadiCAL
Transverse Cracking Transverse Cracking Transverse Cracking Longitudinal 
AADTT 1600
AADTT 9575
Joint 
Spacing 
(ft)
a Refers to the significant level of  relative damage (>0.15) at secondary location
Tied PCC Shoulder
AADTT 1600
AADTT 9575
Widened Slab with AC Shoulder
AADTT 1600
AADTT 9575
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A major difference between the RadiCAL method and MEPDG and IDOT 
methods is that a significant amount of secondary relative damage is located in several 
locations including the top of the longitudinal edge as well as the top or bottom of the 
slab at the transverse joint.  These significant secondary relative damage levels could 
exacerbate themselves as alternative cracking mechanisms that cannot be designed 
against in either the MEPDG or IDOT method.  With tied PCC shoulder scenarios, the 
stress at the bottom of the mid-slab edge is reduced in comparison with the AC shoulder 
scenario, while the stresses at the transverse joint are relatively similar.  Even with an 
assumed load transfer efficiency of 70%, this reduction in bottom-up mid-slab stresses 
increases the importance of the consideration of longitudinal cracking potential in design 
of JPCPs.  These secondary locations are especially important if a lower concrete strength 
were to be assumed at the slab surface relative to the bottom or if a higher level of built-
in curling value was assumed in many instances. 
It is also important to note the differences in safety and rehabilitation options 
between slabs containing transverse or longitudinal cracking.  While transverse cracking 
can reduce ride quality if rehabilitation options such as dowel bar retrofitting are utilized, 
it is generally not considered to be a safety hazard except in the most significant cases of 
faulting at these cracks.  However, longitudinal cracking is a distress that vehicles must 
tend with for a longer period of driving time if this continues for several slabs.  Faulting 
along these cracks (particularly those emanating in the wheelpath) can cause severe 
control problems for trucks, cars, and particularly motorcycles.  The rehabilitation 
options for these longitudinal cracks are also limited to grout insertion and stitching, 
which is costly and time consuming. 
Just as with the linear temperature profile scenarios in RadiCAL, the non-linear 
temperature cases also showed that widened slab cases with AC shoulder predict 
longitudinal cracking emanating from the wheelpath at the transverse joint to be critical 
regardless of fatigue transfer function utilized.  This important finding can allow for 
proper consideration of alternative fatigue cracking mechanisms for thickness design.  It 
should be noted that while the critical damage location in RadiCAL is shown to be at the 
transverse joint for widened slab cases, there is still a reduction of thickness required in 
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comparison with the standard lane width scenarios but not as significant as the current 
IDOT or MEPDG would suggest. 
6.2.4 Subgrade Soil Impact 
The impact of subgrade soil type will be investigated in this analysis for two soil 
type: A-3 (granular) and A-7-6 (clay).  It should be noted that RadiCAL does not 
currently model changes in subgrade support and uses only a constant k-value of 250 
psi/inch.  Therefore, the use of RadiCAL will show no impact to soil type changes. 
The IDOT method uses an empirical method based on particle size of the 
unbound materials to classify subgrade support into three categories: poor, fair, and 
granular as seen in Figure 6-11.  For this analysis, the A-3 subgrade was classified as 
granular, while the A-7-6 subgrade was classified in the poor category. 
 
Figure 6-11.  Determination of Subgrade Soil Support Level for IDOT Design of 
JPCP (after IDOT 2002) 
The MEPDG method allows the user to select a subgrade type classified by the 
AASHTO method of soil classification (ASTM D 2487 2003).  The program then uses 
default values for the resilient modulus which is then converted to an equivalent k-value 
that is not directly inputted by the user.  For the A-3 soil, a default resilient modulus 
value of 16,500 psi is suggested.  This value was modified to 15,000 psi.  For the A-7-6 
soil, a default value of 13,000 psi is suggested, although a specified value of 7,500 psi 
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was used in the analyses. This present analysis was limited to just Carbondale, Illinois 
and 15-foot joint spacings with an AC shoulder in order to see trends of all design 
methods. 
6.2.4.1 Thickness Trends 
For moderate truck traffic levels, Figure 6-12 shows that the MEPDG results in no 
change in thickness for an A-3 and A-7-6 subgrade although the predicted cracking levels 
at this thickness is slightly larger for the A-3 granular subgrade.  However, the IDOT 
method shows a 10% reduction in required thickness with granular subgrade support. 
 
Figure 6-12.  Impact of Soil Type on JPCP Relative Thickness for Carbondale, 
Illinois, AC Shoulder, 15-foot Joint Spacing, and 1,600 AADTT. 
For the heavier traffic scenarios (Figure 6-13), IDOT method results in an 8% 
thickness reduction for a higher soil support value while the MEPDG method shows an 
increase thickness requirement of 10%.  In fact, the use of an A-3 soil is the only scenario 
from this factorial that predicts the same thickness or higher for the MEPDG in 
comparison with the RadiCAL (using the MEPDG fatigue and cracking models) or IDOT 
methods at the default built-in curl level of -10ºF. 
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Figure 6-13.  Impact of Soil Type on JPCP Relative Thickness for Carbondale, 
Illinois, AC Shoulder, 15-foot Joint Spacing, and 9,575 AADTT. 
Intuitively, the use of higher quality subgrade support materials should reduce the 
required slab thickness, at least the mechanical load stresses, as shown by the IDOT 
method in Figure 6-13.  However, as subgrade support becomes stiffer, mechanics show 
that the area of the slab that undergoes slab lift-off actually increases, thereby causing 
higher stresses when load and temperature are considered.  This supports the trend 
exhibited by MEPDG and by analysis conducted during the development of RadiCAL. 
6.2.5 Built-in Curling Impact 
Analyses from both Chapters 3 and 4 demonstrate that the level of built-in curl 
has a dramatic effect on stress, fatigue damage level, and critical damage locations in 
JPCPs.  This section aims to look at how the factors in turn affect the required design 
thickness for the MEPDG and RadiCAL.  The IDOT design method for JPCP does not 
have the ability to account for built-in curl and therefore would show no sensitivity to this 
parameter. 
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6.2.5.1 Thickness Trends 
Figure 6-14 shows the impact of increasing the level of built-in curl to more 
extreme values using non-linear temperature profiles for Carbondale.  The MEPDG 
method predicts an increase in required thickness as the level of built-in curl becomes 
more negative.  While RadiCAL shows a similar trend of increasing thicknesses for most 
of the built-in curl levels, there is one exception.  At a built-in curl level of 0ºF, the 
required thickness according to RadiCAL is actually thicker than is required at a built-in 
curl level of -10ºF.  This follows the same trend noted for fatigue damage level in 
Chapter 4 (Figures 4-22 and 4-23) for non-linear temperature profiles in Los Angeles and 
Daggett, California.  It was found that the fatigue damage level tended to minimize in the 
EBITD range of -10ºF to -15ºF at the “flip point” of damage from bottom-up to top-down 
became critical.  This trend apparently is also reproduced in terms of required thickness 
using the MEPDG fatigue and cracking models. 
At built-in curl levels more extreme than -20ºF, both the MEPDG and RadiCAL 
design method would tend to require thicker JPCP sections than required by the IDOT 
method.  However, this level of built-in curl is fairly rare and would probably require a 
drier climate, extreme positive temperature gradient during setting, and poor curing 
conditions after concrete placement to occur.  The use of restraint mechanisms such as 
dowels and tie bars has also shown a correlation to reduced built-in curl levels (Rao 
2005). 
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Figure 6-14.  Impact of Built-In Curl Level on JPCP Relative Thickness for 
Carbondale, Illinois, AC Shoulder, 15-foot Joint Spacing, and 9,575 AADTT with 
Non-linear Temperature Profiles. 
6.2.5.2 Locations of Critical Fatigue Damage 
In both the MEPDG and RadiCAL (using the MEPDG fatigue and cracking 
functions with non-linear temperature) methods, the “flip point” for when critical fatigue 
damage changed from bottom-up to top-down transverse cracking was found to be -10ºF 
with very little damage at the transverse joint..  This “flip point” occurs due to the 
reduction of stresses at the traditional mid-slab edge location from single axles and the 
increased importance of steer-drive axle spacing effects with a negative built-in curl. 
For example, using the average axle load spectra found from all California WIM 
stations in conjunction with the probabilities of load levels and steer-drive axle spacings 
for a typical California rigid pavement design, the probability of stresses can be predicted 
as seen in Figure 6-15.  This particular plot shows the probabilities of stresses at the 
bottom of the slab at the mid-slab edge.  It can be seen that the EBITD value greatly 
impacts the distribution of stresses predicted at this location that is typically assumed to 
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be critical.  Using transfer functions under a high EBITD value, this location would 
essentially have infinite life in fatigue as the stress ratio is kept below a value of 0.50 
using a flexural strength of 700 psi.  When assuming no EBITD value, the maximum 
stress at this location produces a stress ratio of 0.85 when using the same flexural strength 
and this would lead to a much quicker fatigue failure. Due to this reduction in stresses at 
the traditional bottom-up transverse cracking initiation point, stresses at other locations 
such as those causing top-down transverse or longitudinal cracking become more critical. 
 
Figure 6-15.  Probabilities of Stresses Occurring at Bottom of the Mid-Slab Edge of 
the Slab for Different EBITD Values. 
Looking at a key location at the top of the slab along the longitudinal edge (2-feet 
from the mid-slab location), the exact opposite trend is noted in Figure 6-16.  At the top 
of the slab, the probability distribution for stresses is magnified by the inclusion of a -
30ºF EBITD value in this example.  This inclusion of EBITD intensifies the tensile 
stresses at this location significantly, thereby causing significant fatigue damage using 
RadiCAL or any other fatigue analysis program. 
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Figure 6-16.  Probabilities of Stresses Occurring at Top of Slab (2-feet from Mid-
Slab) for Different EBITD Values. 
It is these maximum stresses (and their associated stress ratios) that control 
fatigue life most directly and what largely needs to be accounted for in design as the 
majority of loads produce stresses in the pavement that are deemed insignificant.  It is 
important to note that these probability distributions were created using only high load 
levels (>10,500 lb for single axles, >26,000 lb for tandem axles) and already exclude the 
vast majority of traffic that highway pavements would experience.   
6.3.   Conclusions on Design Methodology Comparison 
Several trends were noticed in terms of minimum design thickness when 
comparing the MEPDG, IDOT, and RadiCAL design methods.  For Illinois sites, the 
Chicago Midway location was found to have a thinner required thickness using both the 
MEPDG and RadiCAL design methods in comparison with all other locations in Illinois.  
Due to the tempering effects of Lake Michigan on air temperature and subsequent 
temperature profiles in the pavement slabs, this effect was not noticed at the Chicago 
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DuPage locations roughly 25 miles away from Midway and 30 miles from Lake 
Michigan. 
The MEPDG and IDOT methods were found to have opposite effects in terms of 
the impact of subgrade support on required design thickness for the cases analyzed.  The 
MEPDG requires thicker sections with stiffer subgrades as the level of curling is 
exacerbated by this and less support is available as with softer subgrades. 
The MEPDG was found to be very sensitive to joint spacing in terms of thickness 
design in comparison with RadiCAL using the same fatigue, cracking, and reliability 
functions.  This extreme sensitivity is also exacerbated by parameters that affect curling 
stresses such as the coefficient of thermal expansion or surface layer absorptivity. 
Using the MEPDG for design at a built-in curl level of -10ºF with 15-footjoint 
spacing and an AC shoulder, the failure mechanism for fatigue cracking tends to change 
from bottom-up transverse cracking to top-down transverse cracking as thickness 
increases to 9.5 inches.  This trend is not necessarily observed using RadiCAL as the 
failure mechanism is quite dependent on the fatigue function used and can become 
critical for longitudinal or corner cracking as well. 
The level of built-in curl significantly affects the required thickness in the 
MEPDG and RadiCAL methods.  While both of these methods flipped from bottom-up to 
top-down transverse cracking to be critical at a built-in curl level of -10ºF a slightly 
different trend of required thickness was noticed using RadiCAL.  In RadiCAL cases 
without built-in curl, the required thickness was larger than that of -10ºF. 
In terms of critical cracking locations, the MEPDG, IDOT, and RadiCAL 
methods tended to match quite well in AC shoulder cases for every fatigue transfer 
function available in RadiCAL.  When tied shoulders were utilized, the critical damage 
locations were generally similar, although RadiCAL predicts a variety of secondary 
fatigue cracking locations at significant damage levels producing a high potential for 
either bottom-up or top-down longitudinal cracking.  For widened lane cases, RadiCAL 
generally predicted that the critical damage location remains at the transverse joint, 
producing longitudinal cracking emanating along the wheelpath.  In comparison, both the 
IDOT and MEPDG predict bottom-up transverse cracking to be critical in these cases.  
The results from RadiCAL suggest that special attention be paid to widened slab designs 
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using the MEPDG or IDOT methods as the critical damage location in these methods 
probably do not protect against these alternative cracking mechanisms. 
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CHAPTER 7.  CONCLUSIONS AND RECOMMENDATIONS 
7.1.   Conclusions 
The design of rigid pavements has traditionally focused on mitigating fatigue 
cracking at the mid-slab longitudinal edge.  With the advances in characterizing built-in 
slab curling, and proper modeling of steer-drive axle spacing effect, the location of 
maximum fatigue damage and subsequent cracking mode cannot easily be ascertained 
without a detailed analysis.  Residual negative gradients due to built-in temperature 
curling and differential drying shrinkage can cause corner, longitudinal, or transverse 
cracking in rigid pavements and should be considered for implementation into 
mechanistic-empirical rigid design procedures.  Using the process of the Equivalent 
Built-in Temperature Difference (EBITD) backcalculation developed by Rao and Roesler 
(2005a), the frequency distribution of equivalent temperature gradients tends to shift 
toward negative values, thus increasing the likelihood of alternative fatigue cracking 
modes. 
Building off an extensive initial finite element analysis that determined the 
sensitivity of many of the variables involved in determining both traditional and 
alternative cracking mechanisms in joint plain concrete pavements, a mechanistic 
analysis procedure named RadiCAL was developed.  This procedure utilizes an influence 
line analysis using an existing finite element program to model an axle or set of axles 
passing over a slab for a range of input parameters.  RadiCAL utilizes both the maximum 
and minimum stress levels at nodes along the longitudinal edge and transverse joint as 
these axles move over each respective node.  Using statistical distribution of input 
parameters such as site-specific temperature profiles, shoulder type, joint type, lateral 
wander, and vehicle characteristics in conjunction with Miner’s Hypothesis for fatigue 
damage accumulation, RadiCAL allows for the prediction of relative damage profiles as 
well as absolute damage to assess both the timing and location of potential fatigue cracks. 
Due to the unrestrained slabs (no dowels or tie bars), short slabs, and arid climate 
in California, significant levels of transverse, longitudinal, and corner cracking can be 
found throughout the California highway network (Harvey et al. 2000b).  Using linear 
temperature differences in RadiCAL, it was found that the use of a stress range approach 
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(Tepfers 1979a) tended to predict more realistic critical fatigue damage locations noted 
on many California jointed plain concrete pavements in comparison with the maximum 
stress approach using the Zero Maintenance equation (Darter 1977).   
To supplement the RadiCAL program, a non-linear temperature parameter named 
NOLA (NOn-Linear Area) was developed, which allows for the calculation of self-
equilibrating stresses that are not typically accounted for in rigid pavement analyses.  The 
NOLA for a given temperature profile represents the difference in area between a 
quadratic temperature profile (3 temperatures at three depths) and an assumed linear 
profile (temperature at top and bottom of the slab).  This method allows for a simple 
visualization of the level of non-linearity for a given temperature profile and a simple 
direct calculation of the self-equilibrating stresses at any depth of interest within the 
concrete slab. 
Conducting both stress and fatigue damage analyses using RadiCAL, it was found 
that by using only the linear temperature differences, bottom-up stresses are generally 
overpredicted and top-down stresses are subsequently underpredicted.  This omission will 
typically lead to an underprediction of fatigue life in cases with no to low built-in curl 
(bottom-up failures) and overprediction of fatigue life in high built-in curl cases (top-
down cracking mechanisms). 
The NOLA method was compared to a more rigorous piecewise solution for the 
calculation of temperature stresses in concrete pavements.  When considering both the 
bending stress from equivalent linear gradients in addition to the self-equilibrating 
stresses, the NOLA method using the temperature at the top, middle, and bottom of the 
slab matched the piecewise solution remarkably well. The use of the TRUE NOLA (the 
area between the actual temperature profile and the linear assumption) in conjunction 
with the closed form solution for self-equilibrating stresses using a quadratic NOLA also 
matched the piecewise solution well and can serve as an excellent method for post-
processing solutions from finite element analyses or Westergaard equations to account 
for all temperature-related stresses. 
Both the NOLA and piecewise method was incorporated in RadiCAL by 
developing three-dimensional frequency distributions of self-equilibrating stresses and 
the linear (equivalent) temperature difference.  These distributions are unique for each 
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climate and provide another visual tool for assessing the levels of both linear bending 
stress potential and expected magnitude of non-linearity due to temperature.  When 
utilizing NOLA in the RadiCAL program, it was also found that the predicted damage 
levels and locations matched the piecewise solution quite well for two distinct climates in 
California.  This further reinforces the validation of the NOLA method as an appropriate 
approximation of the piecewise method to account for self-equilibrating stresses in 
jointed concrete pavements. 
Comparisons in the “flip point” of fatigue cracking mechanisms (from bottom-up 
to top-down cracking as the EBITD level is increased) found that the utilization of self-
equilibrating stresses in the damage analysis reduced the level of built-in curl required to 
cause top-down cracking to become predominant.  For a maximum stress fatigue damage 
approach using non-linear temperature profiles, this “flip point” occurred in the range of -
10ºF to -15ºF.  For the stress range approach to fatigue damage, this “flip point was 
slightly more extreme at -15ºF to -20ºF.  These “flip point” ranges are slightly less 
extreme that those found using strictly linear temperature profiles. 
In Chapter 5, eleven JPCP sections in California were analyzed to attempt to 
validate the RadiCAL’s ability to predict fatigue cracking locations.  This was conducted 
using site specific geometry, load transfer, EBITD, climate, load spectra, and vehicle 
class distribution using linear and non-linear temperature profiles for stress range 
(Tepfers 1979a) and the MEPDG (ARA 2007) fatigue transfer functions.  When 
substantial replications of EBITD where available, the stress range approach using linear 
temperature considerations tended to produce realistic damage profiles in comparison 
with the observed cracking patterns.  When considering non-linear temperature, the 
MEPDG fatigue algorithm implemented into RadiCAL tended to predict existing 
transverse and longitudinal cracking fairly well.  While a clear picture was not found in 
terms of the best fatigue transfer function to predict locations of cracking, the results 
show that the use of several known concrete fatigue functions can be used in conjunction 
with calibration to design against both traditional and alternative cracking mechanisms 
for JPCPs. 
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In terms of both predicted thickness and critical damage locations, the RadiCAL 
program was compared with both the Illinois Department of Transportation mechanistic-
empirical design method (IDOT 2002) and version 1.0 of the Mechanistic-Empirical 
Pavement Design Guide (MEPDG) (ARA 2007).  The level of built-in curl significantly 
affects the required thickness both in the MEPDG and RadiCAL methods.  While both of 
these methods flipped from bottom-up to top-down transverse cracking to be critical at a 
built-in curl level of -10ºF, a slightly different trend of required thickness was noticed 
using RadiCAL.  In RadiCAL cases without built-in curl, the required thickness was 
larger than that of -10ºF.  For the cases studied, the MEPDG design method was found to 
be more sensitive to joint spacing and climate in terms of thickness design in comparison 
with RadiCAL using the same fatigue, cracking, and reliability functions. 
When utilizing either a tied PCC shoulder or a widened slab, the MEPDG, IDOT 
and RadiCAL methods all predict similar trends and thickness reductions from a standard 
asphalt shoulder design.  These relative thickness reductions were quite similar for the 
tied PCC and widened slab case in most cases. 
In terms of critical cracking locations, the MEPDG, IDOT, and RadiCAL 
methods tended to match quite well in asphalt shoulder cases for all fatigue transfer 
functions available in RadiCAL.  When tied shoulders were utilized, the critical damage 
locations were generally similar, although RadiCAL predicts a variety of secondary 
fatigue cracking locations at significant damage levels producing a high potential for 
either bottom-up or top-down longitudinal cracking.  For widened lane cases, RadiCAL 
generally predicted that the critical damage location remains at the transverse joint, 
producing longitudinal cracking emanating along the wheelpath.  In comparison, both the 
IDOT and MEPDG predict bottom-up transverse cracking to be critical in these cases.  
The results from RadiCAL suggest that special attention be paid to widened slab designs 
using the MEPDG or IDOT methods as the critical damage location in these methods 
probably do not protect against these alternative cracking mechanisms. 
7.2.   Practical Applications 
The development of RadiCAL and the subsequent damage location verification 
study provides some practical recommendations for pavement engineers to either increase 
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JPCP fatigue life or reduce the likelihood of alternative cracking mechanisms and their 
specific safety concerns.  A few of these recommendations are outlined as follows: 
• The use of dowels to promote long-term load transfer along transverse joints 
generally limits the fatigue damage found at the transverse joint for asphalt 
shoulder cases.  However, this is not necessarily the case when a tied PCC 
shoulder is also used.  Due to the reduced stresses found at the mid-slab 
longitudinal edge location with a tied PCC shoulder, RadiCAL predicts that 
some probability of longitudinal cracking may ensue from high relative 
stresses at the transverse joint, even when dowels are utilized in design. 
• Limiting the level of EBITD from the perspective of differential drying 
shrinkage and built-in temperature difference generally leads to transverse 
cracking fatigue failures that can be rehabilitated with dowel bar retrofitting 
techniques.  This EBITD reduction can be realized through the use of 
extensive water curing (particularly in arid regions) of newly-placed PCC 
slabs or by paving during less extreme conditions (late in the construction 
season or night construction).  The selection of concrete materials in terms of 
water-cement ratio, cement content, and type will also have an effect on 
EBITD level.  While these techniques will not likely eliminate the EBITD of a 
given JPCP section, the impact of this factor should be limited to a moderate 
level. 
• The use of widened lanes may delay on the onset of fatigue cracking (in terms 
of absolute damage), but research using RadiCAL suggests that the cracking 
mechanism may result in longitudinal cracking in the wheelpath.  If severe 
built-in curl or erosion exists on this site, the longitudinal cracks will likely 
become faulted quickly, thereby creating a driving hazard for all vehicles.  An 
excessive reduction in thickness from a typical asphalt shoulder case may 
result in premature fatigue cracking as well.  This should be considered when 
deciding to utilize this particular shoulder type. 
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• The use of joint spacings less than 15-feet generally limit excessive curling 
stresses with typical JPCP thicknesses that may lead to transverse cracking 
before the design life is completed.  However, extremely short joint spacing 
(12-feet) may lead to an increased probability of longitudinal cracking 
emanating either at or between the wheelpath without the use of dowels.  
Careful consider of these factors should be made when considering extremely 
short joint spacing. 
7.3.   Recommendations for Future Research 
The research outlined above constitutes the initial development of a state-of-the-
art mechanistic-based fatigue analysis procedure.  However, there are many aspects of 
future research that can build upon the work done herein.  A few recommendations for 
the improvement of this research are addressed as follows: 
• The stress range approach to fatigue allows for incorporation of both a quasi-
static temperature stress as well as a maximum stress when load is added to 
this residual stress.  In terms of Miner’s hypothesis, this dampens the effects 
of extreme load and temperature combinations to produce designs that are not 
necessarily dependent on a small amount of extreme events only.  However, 
proper calibration of this function in terms of slab fatigue is needed as this 
equation was based on only load-induced minimum and maximum stresses. 
• A rational method for EBITD prediction is needed that takes into account 
factors such as material properties, climate, geographical location, restraints, 
etc.  The use of curing techniques and concrete placement timing to reduce the 
level of EBITD found in JPCPs is imperative to limit the amount of 
longitudinal cracking potential and its associated safety hazards.  A large 
piece of missing technology for both RadiCAL and the MEPDG is this 
predictive relationship for use in design instead of only for analysis of existing 
jointed concrete pavements. 
• Building on the EBITD characterization, a proper understanding of the level 
of non-linearity to this parameter is needed as well.  The interaction between 
stress relaxation, particularly at early ages of the concrete, complements this. 
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• Stress concentrations in traditional bottom-up cracking modes are extremely 
localized, while stresses on the top of the slab can be extreme as well as 
widespread.  This phenomenon thereby increases the likelihood of top-down 
cracking.  A characterization of a strength gradient from both an analytical 
and laboratory approach is needed to address the issues of top-down crack 
initiation and propagation. 
• As the understanding of cracking mechanisms improve, a move towards more 
fundamental material failure properties such as fracture mechanics is needed 
to properly account for the impact of materials on resisting cracking initiation 
and slowing cracking propagation.  This would allows for proper 
characterization of materials using recycled concrete, marginal quality 
aggregates, waste products, fiber-reinforcing, as well as the large range of 
natural aggregates in terms of design to resist fatigue mechanisms.  This 
laboratory characterization of these materials can be complemented by the 
advent of high-end processing that now allows 3-D finite element models to 
be developed to characterize progressive slab fracture.   
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Table A–1.  Steer Axle Load Spectra for Average of All California WIM Stations. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0.00003 0 0 0 0 0 0 0 0 0 0
4 0.00001 0.07904 0.00035 0 0.00417 0.00035 0 0.00005 0.00001 0 0.00001 0.00495
5 0.00005 0.0488 0.00057 0.00001 0.00395 0.00079 0.00001 0.00028 0.00004 0.00001 0.00003 0.00203
6 0.00025 0.03293 0.00095 0.00002 0.00741 0.00205 0.00003 0.00308 0.00029 0.00002 0.00025 0.00149
7 0.0008 0.02913 0.00415 0.00002 0.01522 0.01725 0.00023 0.01913 0.00126 0.00008 0.00244 0.00219
8 0.00153 0.01899 0.01038 0.00004 0.01871 0.06874 0.00085 0.03305 0.00259 0.0002 0.00582 0.00239
9 0.0024 0.01096 0.01367 0.00005 0.01142 0.14719 0.002 0.02355 0.00349 0.00027 0.00636 0.00198
10 0.00237 0.00487 0.0094 0.00003 0.00376 0.15919 0.00206 0.00724 0.00231 0.00019 0.00521 0.00141
11 0.00196 0.00211 0.00493 0.00003 0.00126 0.07537 0.00089 0.00128 0.0006 0.00011 0.00325 0.00083
12 0.00116 0.00093 0.00264 0.00006 0.00034 0.01343 0.00015 0.00009 0.00005 0.00006 0.00126 0.00046
13 0.00054 0.00063 0.0016 0.00013 0.0001 0.00155 0.00002 0.00001 0 0.00003 0.00038 0.00042
14 0.00018 0.00055 0.001 0.00022 0.00004 0.00028 0.00001 0 0 0.00002 0.0001 0.0004
15 0.00007 0.00051 0.0008 0.00039 0.00004 0.00015 0 0 0 0.00001 0.00003 0.00037
16 0.00002 0.00036 0.0006 0.00059 0.00005 0.0001 0 0 0 0.00001 0.00001 0.00027
17 0.00001 0.00021 0.00039 0.00065 0.00005 0.00007 0 0 0 0.00001 0 0.00018
18 0.00001 0.00009 0.00018 0.00036 0.00003 0.00003 0 0 0 0.00001 0 0.00009
19 0 0.00005 0.00009 0.00014 0.00001 0.00001 0 0 0 0.00001 0 0.00005
20 0 0.00003 0.00006 0.00005 0.00001 0.00001 0 0 0 0 0 0.00003
21 0 0.00002 0.00004 0.00001 0 0 0 0 0 0 0 0.00002
22 0 0.00001 0.00002 0 0 0 0 0 0 0 0 0.00002
23 0 0.00001 0.00001 0 0 0 0 0 0 0 0 0.00001
24 0 0.00001 0.00001 0 0 0 0 0 0 0 0 0.00001
25 0 0.00001 0 0 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–2.  Single Axle Load Spectra for Average of All California WIM Stations. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0.00157 0 0.00001 0.00462 0.0003 0.00002 0.00035 0.00001 0.00011 0.00007 0.00188
2 0 0.00523 0 0.00003 0.00945 0.00176 0.00001 0.00672 0.00018 0.00017 0.00123 0.00169
3 0 0.00364 0 0.00005 0.00433 0.00317 0.00001 0.02269 0.00081 0.00008 0.0053 0.00203
4 0.00001 0.0231 0 0.00004 0.00367 0.00659 0.00001 0.03307 0.00219 0.00011 0.0096 0.00259
5 0.00001 0.04466 0 0.00005 0.00636 0.00618 0.00001 0.03166 0.00382 0.0002 0.00793 0.00322
6 0.00004 0.03547 0 0.00006 0.00797 0.00344 0.00001 0.02447 0.00351 0.00019 0.00265 0.00263
7 0.00012 0.03353 0 0.0001 0.00985 0.0027 0.00001 0.02408 0.00329 0.00014 0.00098 0.00195
8 0.00023 0.03032 0 0.00016 0.01155 0.00241 0.00001 0.02015 0.00346 0.00011 0.00048 0.0014
9 0.00032 0.02652 0 0.00035 0.01224 0.00241 0.00001 0.01936 0.00392 0.00009 0.00039 0.0012
10 0.00029 0.01786 0 0.00064 0.00988 0.00212 0.00001 0.01799 0.00347 0.00006 0.00044 0.00099
11 0.00026 0.01265 0 0.00082 0.00838 0.00228 0.00001 0.01919 0.00317 0.00005 0.00067 0.00094
12 0.00025 0.00959 0 0.00043 0.00701 0.00286 0.00001 0.02144 0.00278 0.00004 0.00122 0.00092
13 0.0003 0.00826 0 0.0001 0.00647 0.00473 0.00001 0.02767 0.00239 0.00004 0.00268 0.00105
14 0.00033 0.00616 0 0.00002 0.00514 0.00698 0.00001 0.03098 0.00157 0.00004 0.00446 0.00106
15 0.00045 0.00497 0 0 0.00448 0.0091 0.00001 0.03505 0.00102 0.00004 0.00627 0.0011
16 0.00057 0.00376 0 0 0.00359 0.00805 0.00001 0.03166 0.00056 0.00004 0.00636 0.00095
17 0.00058 0.00286 0 0 0.00268 0.0049 0 0.02207 0.00027 0.00004 0.00445 0.00072
18 0.00035 0.00167 0 0 0.00141 0.00176 0 0.00893 0.00009 0.00003 0.00168 0.00037
19 0.0002 0.001 0 0 0.00074 0.00061 0 0.00304 0.00003 0.00003 0.00051 0.00018
20 0.0001 0.00054 0 0 0.00038 0.00022 0 0.00085 0.00001 0.00003 0.00014 0.0001
21 0.00005 0.00031 0 0 0.0002 0.00011 0 0.00023 0 0.00003 0.00004 0.00007
22 0.00002 0.00015 0 0 0.00009 0.00006 0 0.00005 0 0.00002 0.00001 0.00004
23 0.00001 0.00009 0 0 0.00005 0.00004 0 0.00002 0 0.00002 0 0.00003
24 0 0.00005 0 0 0.00003 0.00003 0 0.00001 0 0.00002 0 0.00002
25 0 0.00003 0 0 0.00002 0.00002 0 0 0 0.00001 0 0.00002
26 0 0.00002 0 0 0.00002 0.00001 0 0 0 0.00001 0 0.00001
27 0 0.00001 0 0 0.00001 0.00001 0 0 0 0.00001 0 0.00001
28 0 0.00001 0 0 0.00001 0.00001 0 0 0 0.00001 0 0.00001
29 0 0.00001 0 0 0.00001 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–3.  Tandem Axle Load Spectra for Average of All California WIM Stations. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0.00005 0 0 0.00001 0.00001 0 0 0 0.00001 0 0.00113
4 0 0.0012 0.00018 0 0.00045 0.00114 0 0 0 0.00001 0.00001 0.00108
6 0 0.00195 0.00345 0.00001 0.00136 0.01201 0.00002 0 0.00005 0.00005 0.00013 0.00158
8 0 0.00098 0.00869 0.00004 0.00312 0.04455 0.00013 0 0.00032 0.00014 0.00142 0.00105
10 0.00001 0.00025 0.00621 0.00003 0.00609 0.08533 0.00047 0 0.00106 0.00023 0.00488 0.00094
12 0.00002 0 0.00394 0.00001 0.00524 0.08078 0.00049 0 0.00129 0.00022 0.00302 0.00071
14 0.00008 0 0.00361 0.00001 0.00413 0.0713 0.0004 0 0.00155 0.00019 0.0009 0.00056
16 0.00049 0 0.00326 0.00001 0.0029 0.05286 0.00044 0 0.00173 0.00016 0.00044 0.00039
18 0.00137 0 0.00297 0.00001 0.00224 0.05041 0.00058 0 0.00173 0.00013 0.00027 0.00031
20 0.00165 0 0.00249 0.00002 0.00148 0.04586 0.00059 0 0.00116 0.00008 0.00022 0.00024
22 0.00135 0 0.00235 0.00005 0.00098 0.04739 0.00056 0 0.00058 0.00007 0.00037 0.00025
24 0.00072 0 0.00205 0.00009 0.0006 0.05157 0.00056 0 0.00017 0.00008 0.0008 0.00028
26 0.0005 0 0.00201 0.00017 0.00044 0.07255 0.00061 0 0.00004 0.0001 0.00196 0.00037
28 0.00032 0 0.0019 0.0003 0.00036 0.09383 0.00049 0 0.00001 0.0001 0.00329 0.00044
30 0.00017 0 0.00172 0.00044 0.00032 0.09111 0.00029 0 0 0.00011 0.00317 0.00042
32 0.00006 0 0.00103 0.00042 0.00017 0.04081 0.0001 0 0 0.00009 0.00141 0.00023
34 0.00002 0 0.0006 0.00031 0.00007 0.01217 0.00003 0 0 0.00009 0.00047 0.00011
36 0.00001 0 0.00032 0.00017 0.00002 0.00297 0.00002 0 0 0.00008 0.00013 0.00006
38 0 0 0.00018 0.00009 0.00001 0.00091 0.00001 0 0 0.00006 0.00004 0.00005
40 0 0 0.0001 0.00005 0.00001 0.00033 0.00001 0 0 0.00005 0.00001 0.00003
42 0 0 0.00006 0.00002 0 0.00015 0 0 0 0.00004 0.00001 0.00003
44 0 0 0.00003 0.00001 0 0.00008 0 0 0 0.00003 0 0.00002
46 0 0 0.00002 0 0 0.00005 0 0 0 0.00002 0 0.00002
48 0 0 0.00002 0 0 0.00003 0 0 0 0.00001 0 0.00001
50 0 0 0.00001 0 0 0.00002 0 0 0 0.00001 0 0.00001
52 0 0 0.00001 0 0 0.00001 0 0 0 0.00001 0 0.00001
54 0 0 0.00001 0 0 0.00001 0 0 0 0.00001 0 0
56 0 0 0.00001 0 0 0.00001 0 0 0 0 0 0
58 0 0 0.00001 0 0 0.00001 0 0 0 0 0 0
60 0 0 0.00001 0 0 0 0 0 0 0 0 0
62 0 0 0.00001 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–4.  Tridem Axle Load Spectra for Average of All California WIM Stations. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0 0 0 0 0 0 0 0 0 0 0.00009
4 0 0 0 0 0 0 0.00032 0 0 0.00026 0 0.04522
6 0 0 0 0.00002 0 0 0.00343 0 0 0.0002 0 0.02946
8 0 0 0 0.00015 0 0 0.01449 0 0 0.00049 0 0.0284
10 0 0 0 0.00034 0 0 0.04045 0 0 0.00091 0 0.03945
12 0 0 0 0.0006 0 0 0.05807 0 0 0.00112 0 0.04013
14 0 0 0 0.00076 0 0 0.0465 0 0 0.00126 0 0.02935
16 0 0 0 0.00071 0 0 0.03284 0 0 0.00114 0 0.01592
18 0 0 0 0.00072 0 0 0.03469 0 0 0.00117 0 0.01063
20 0 0 0 0.00077 0 0 0.03518 0 0 0.00115 0 0.00696
22 0 0 0 0.00091 0 0 0.03988 0 0 0.00114 0 0.00597
24 0 0 0 0.00106 0 0 0.0434 0 0 0.00103 0 0.00499
26 0 0 0 0.00147 0 0 0.0457 0 0 0.00119 0 0.00507
28 0 0 0 0.00199 0 0 0.04329 0 0 0.00125 0 0.00484
30 0 0 0 0.00279 0 0 0.05131 0 0 0.00134 0 0.00517
32 0 0 0 0.00345 0 0 0.05209 0 0 0.00112 0 0.00446
34 0 0 0 0.00412 0 0 0.04663 0 0 0.00084 0 0.00352
36 0 0 0 0.0038 0 0 0.03144 0 0 0.00059 0 0.00252
38 0 0 0 0.00343 0 0 0.01807 0 0 0.00057 0 0.00221
40 0 0 0 0.00217 0 0 0.00797 0 0 0.00057 0 0.0017
42 0 0 0 0.00134 0 0 0.00414 0 0 0.00063 0 0.00146
44 0 0 0 0.00073 0 0 0.00219 0 0 0.00055 0 0.00126
46 0 0 0 0.00036 0 0 0.00146 0 0 0.00044 0 0.00093
48 0 0 0 0.0002 0 0 0.00083 0 0 0.00026 0 0.00073
50 0 0 0 0.00011 0 0 0.00042 0 0 0.00016 0 0.00068
52 0 0 0 0.00007 0 0 0.00023 0 0 0.00009 0 0.00048
54 0 0 0 0.00006 0 0 0.00012 0 0 0.00004 0 0.00027
56 0 0 0 0.00003 0 0 0.00005 0 0 0.00003 0 0.00018
58 0 0 0 0.00003 0 0 0.00003 0 0 0.00002 0 0.00013
60 0 0 0 0.00002 0 0 0.00002 0 0 0.00002 0 0.00007
62 0 0 0 0 0 0 0.00002 0 0 0.00001 0 0.00006
64 0 0 0 0 0 0 0.00002 0 0 0.00001 0 0.00006
66 0 0 0 0 0 0 0.00001 0 0 0.00001 0 0.00006
68 0 0 0 0 0 0 0 0 0 0 0 0.00004
70 0 0 0 0 0 0 0 0 0 0 0 0.00004
72 0 0 0 0 0 0 0 0 0 0 0 0.00003
74 0 0 0 0 0 0 0 0 0 0 0 0.00003
76 0 0 0 0 0 0 0 0 0 0.00001 0 0.00003
78 0 0 0 0 0 0 0 0 0 0 0 0.00002
80 0 0 0 0 0 0 0 0 0 0 0 0.00002
82 0 0 0 0 0 0 0 0 0 0 0 0.00002
84 0 0 0 0 0 0 0 0 0 0 0 0.00002
86 0 0 0 0 0 0 0 0 0 0 0 0.00002
88 0 0 0 0 0 0 0 0 0 0 0 0.00001
FHWA Vehicle Class
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Table A–5.  Steer Axle Load Spectra for I-80EB in Solano County, California WIM 
Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0
4 0.00001 0.13266 0.00038 0.00001 0.00072 0.00068 0.00001 0.00025 0.00003 0.00002 0.00002 0.00332
5 0.00006 0.08007 0.00052 0.00001 0.00195 0.0016 0.00002 0.00089 0.00008 0.00002 0.0001 0.00254
6 0.00017 0.03902 0.00079 0.00001 0.00632 0.00356 0.00007 0.0029 0.00022 0.00002 0.00035 0.00142
7 0.00068 0.03621 0.00275 0.00002 0.01808 0.01718 0.00034 0.01328 0.00135 0.00008 0.0021 0.00135
8 0.00109 0.02541 0.00627 0.00004 0.02685 0.0566 0.00086 0.02492 0.00335 0.00019 0.00542 0.00122
9 0.00225 0.01567 0.009 0.00006 0.02373 0.10658 0.00142 0.02579 0.00411 0.00023 0.00677 0.00138
10 0.00454 0.0066 0.00714 0.00001 0.00858 0.10348 0.00141 0.00943 0.00181 0.00015 0.00486 0.00104
11 0.00624 0.00282 0.00439 0.00003 0.00175 0.05808 0.00069 0.0016 0.00052 0.00006 0.00268 0.00063
12 0.00468 0.00124 0.00248 0.00002 0.00039 0.01975 0.00019 0.00017 0.00009 0.00004 0.00129 0.00032
13 0.00216 0.0006 0.00134 0.00002 0.00009 0.00488 0.00003 0.00001 0.00001 0.00002 0.0004 0.00022
14 0.00052 0.00027 0.00068 0.00003 0.00005 0.001 0 0 0 0.00001 0.0001 0.00016
15 0.00014 0.00023 0.00047 0.00004 0.00004 0.00047 0 0 0 0.00001 0.00002 0.00016
16 0.00004 0.00018 0.00031 0.00005 0.00003 0.00031 0 0 0 0.00001 0.00001 0.00013
17 0.00001 0.00012 0.00017 0.00007 0.00002 0.00025 0 0 0 0.00001 0 0.00015
18 0.00001 0.00007 0.00011 0.00004 0.00002 0.00014 0 0 0 0 0 0.00008
19 0 0.00005 0.00005 0.00002 0.00001 0.00007 0 0 0 0 0 0.00006
20 0 0.00003 0.00004 0.00001 0 0.00002 0 0 0 0 0 0.00004
21 0 0.00002 0.00001 0.00001 0 0.00001 0 0 0 0.00001 0 0.00004
22 0 0.00001 0 0 0 0 0 0 0 0 0 0.00003
23 0 0.00002 0 0 0 0 0 0 0 0 0 0.00002
24 0 0.00001 0 0 0 0 0 0 0 0 0 0.00003
25 0 0.00002 0 0 0 0 0 0 0 0 0 0.00003
26 0 0.00001 0 0 0 0 0 0 0 0 0 0.00002
27 0 0.00001 0 0 0 0 0 0 0 0 0 0.00001
28 0 0 0 0 0 0 0 0 0 0 0 0.00002
29 0 0 0 0 0 0 0 0 0 0 0 0.00001
30 0 0 0 0 0 0 0 0 0 0 0 0.00002
31 0 0 0 0 0 0 0 0 0 0 0 0.00001
32 0 0 0 0 0 0 0 0 0 0 0 0.00001
33 0 0 0 0 0 0 0 0 0 0 0 0.00001
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0.00001
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0.00003
FHWA Vehicle Class
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Table A–6.  Single Axle Load Spectra for I-80EB in Solano County, California WIM 
Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0.00148 0 0 0.00028 0.00015 0.00001 0.00001 0 0.00001 0.00001 0.00041
2 0 0.00611 0 0 0.00252 0.00082 0.00001 0.00023 0.00001 0.00002 0.00007 0.00107
3 0 0.00817 0 0.00002 0.00162 0.00084 0 0.00203 0.00006 0.00002 0.00055 0.00092
4 0 0.0579 0 0.00005 0.00151 0.00533 0.00002 0.01136 0.00028 0.00004 0.00324 0.0013
5 0.00002 0.06558 0 0.00005 0.00253 0.00853 0 0.02654 0.0015 0.00012 0.00895 0.00202
6 0.00003 0.0408 0 0.00002 0.00553 0.0037 0 0.03027 0.00484 0.00022 0.00925 0.002
7 0.00005 0.03634 0 0.00002 0.01055 0.00231 0.00001 0.03193 0.00766 0.00015 0.00529 0.00168
8 0.00011 0.03267 0 0.00001 0.01384 0.00171 0 0.02588 0.00541 0.00013 0.00162 0.00123
9 0.0003 0.03328 0 0.00003 0.01858 0.00156 0 0.02614 0.00432 0.00011 0.0006 0.00118
10 0.00045 0.02582 0 0.00004 0.0168 0.00119 0 0.02371 0.00327 0.00007 0.00036 0.00094
11 0.0004 0.01757 0 0.00007 0.01365 0.00101 0 0.02249 0.00267 0.00004 0.00042 0.00086
12 0.00036 0.01307 0 0.00006 0.01226 0.00122 0 0.02356 0.00227 0.00003 0.00067 0.00087
13 0.00031 0.00995 0 0.00002 0.01076 0.00169 0 0.02382 0.00176 0.00003 0.00126 0.00087
14 0.00033 0.00674 0 0 0.00787 0.00212 0 0.02004 0.00108 0.00003 0.00207 0.00077
15 0.00034 0.00527 0 0 0.00658 0.00303 0 0.02106 0.00068 0.00004 0.0037 0.00066
16 0.00043 0.00378 0 0 0.00487 0.0027 0 0.01825 0.00042 0.00002 0.00452 0.00063
17 0.00054 0.00313 0 0 0.00352 0.00201 0 0.0147 0.00024 0.00004 0.00415 0.00067
18 0.00054 0.00183 0 0 0.00212 0.00101 0 0.00793 0.00012 0.00003 0.00256 0.00041
19 0.0004 0.00109 0 0 0.00111 0.00045 0 0.00327 0.00004 0.00004 0.00117 0.00017
20 0.00023 0.00059 0 0 0.00054 0.0002 0 0.00133 0.00002 0.00003 0.00044 0.00008
21 0.00014 0.00031 0 0 0.00028 0.00012 0 0.00045 0.00001 0.00004 0.00012 0.00005
22 0.00005 0.0001 0 0 0.00008 0.00007 0 0.00011 0 0.00003 0.00001 0.00004
23 0.00003 0.00008 0 0 0.00004 0.00006 0 0.00002 0 0.00002 0 0.00006
24 0.00001 0.00003 0 0 0.00002 0.00006 0 0.00001 0 0.00002 0 0.00003
25 0 0.00004 0 0 0.00001 0.00004 0 0 0 0.00002 0 0.00004
26 0 0.00001 0 0 0 0.00003 0 0 0 0.00001 0 0.00002
27 0 0.00001 0 0 0 0.00002 0 0 0 0.00001 0 0.00001
28 0 0.00001 0 0 0 0.00001 0 0 0 0 0 0.00001
29 0 0 0 0 0 0.00001 0 0 0 0.00001 0 0.00001
30 0 0 0 0 0 0 0 0 0 0.00001 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0.00001
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–7.  Tandem Axle Load Spectra for I-80EB in Solano County, California WIM 
Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0.00013 0 0 0 0 0 0 0 0.00001 0 0.00006
4 0 0.00436 0 0 0.00015 0.00024 0 0 0 0 0.00001 0.00078
6 0 0.00482 0.00018 0 0.00061 0.00287 0.00001 0 0.00001 0.00002 0.00002 0.00116
8 0 0.00166 0.0028 0.00003 0.00145 0.01948 0.00006 0 0.00006 0.00012 0.00031 0.00095
10 0.00001 0.00028 0.00822 0.00007 0.00708 0.08264 0.0005 0 0.00056 0.00037 0.003 0.00095
12 0.00005 0 0.00475 0.00002 0.01308 0.11173 0.00113 0 0.00235 0.00037 0.00628 0.0008
14 0.0001 0 0.00318 0.00001 0.01135 0.10866 0.00118 0 0.00316 0.00028 0.00399 0.0006
16 0.0003 0 0.00255 0.00001 0.00836 0.07551 0.00046 0 0.00219 0.00016 0.00106 0.00037
18 0.00134 0 0.00291 0 0.00616 0.0601 0.00028 0 0.002 0.00014 0.00042 0.00033
20 0.00395 0 0.00289 0.00001 0.00387 0.04758 0.00027 0 0.00138 0.00009 0.00032 0.00026
22 0.00551 0 0.00293 0.00001 0.0023 0.04274 0.00029 0 0.00072 0.00008 0.00047 0.00028
24 0.00343 0 0.0028 0.00001 0.00114 0.04033 0.00036 0 0.00031 0.00004 0.00083 0.00029
26 0.0022 0 0.00274 0.00002 0.00056 0.05026 0.00044 0 0.00011 0.00004 0.00177 0.00044
28 0.00176 0 0.00203 0.00004 0.00026 0.05987 0.00038 0 0.00002 0.00004 0.00294 0.00049
30 0.00089 0 0.00144 0.00003 0.00014 0.05988 0.00021 0 0 0.00009 0.00291 0.00042
32 0.00024 0 0.00076 0.00005 0.0001 0.03361 0.00008 0 0 0.0001 0.00167 0.00034
34 0.00006 0 0.00047 0.00004 0.00007 0.01341 0.00003 0 0 0.00009 0.0007 0.00018
36 0.00001 0 0.00023 0.00003 0.00002 0.00354 0 0 0 0.00005 0.00017 0.00009
38 0 0 0.00011 0.00001 0.00002 0.00071 0 0 0 0.00005 0.00003 0.00008
40 0 0 0.00007 0.00001 0.00001 0.0002 0 0 0 0.00003 0 0.00006
42 0 0 0.00004 0 0 0.00012 0 0 0 0.00003 0 0.00008
44 0 0 0.00003 0 0 0.00008 0 0 0 0.00002 0 0.00005
46 0 0 0.00001 0 0 0.00005 0 0 0 0.00001 0 0.00004
48 0 0 0 0 0 0.00004 0 0 0 0.00001 0 0.00002
50 0 0 0 0 0 0.00002 0 0 0 0.00001 0 0.00002
52 0 0 0 0 0 0.00002 0 0 0 0 0 0.00002
54 0 0 0 0 0 0.00002 0 0 0 0 0 0
56 0 0 0 0 0 0 0 0 0 0 0 0.00001
58 0 0 0 0 0 0.00001 0 0 0 0 0 0.00001
60 0 0 0 0 0 0 0 0 0 0 0 0
62 0 0 0 0 0 0.00001 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–8.  Tridem Axle Load Spectra for I-80EB in Solano County, California WIM 
Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0.00014 0 0 0 0 0.01947
6 0 0 0 0 0 0 0.00158 0 0 0.00086 0 0.05556
8 0 0 0 0 0 0 0.0043 0 0 0.00057 0 0.0315
10 0 0 0 0.00057 0 0 0.03408 0 0 0.00229 0 0.0358
12 0 0 0 0.00029 0 0 0.11283 0 0 0.00158 0 0.03408
14 0 0 0 0.00029 0 0 0.1293 0 0 0.002 0 0.03021
16 0 0 0 0.00072 0 0 0.06257 0 0 0.00143 0 0.03608
18 0 0 0 0.00115 0 0 0.0315 0 0 0.00115 0 0.04138
20 0 0 0 0.00143 0 0 0.02563 0 0 0.001 0 0.02162
22 0 0 0 0.00158 0 0 0.01704 0 0 0.00129 0 0.00845
24 0 0 0 0.00086 0 0 0.01804 0 0 0.00143 0 0.00659
26 0 0 0 0.00172 0 0 0.01761 0 0 0.00029 0 0.0053
28 0 0 0 0.00086 0 0 0.02133 0 0 0.00043 0 0.00358
30 0 0 0 0.00158 0 0 0.0388 0 0 0.00043 0 0.00387
32 0 0 0 0.001 0 0 0.03021 0 0 0.00043 0 0.00158
34 0 0 0 0.00029 0 0 0.03279 0 0 0.00014 0 0.00272
36 0 0 0 0.00014 0 0 0.02062 0 0 0 0 0.00301
38 0 0 0 0.00029 0 0 0.0116 0 0 0.00014 0 0.00344
40 0 0 0 0 0 0 0.00458 0 0 0.00014 0 0.00186
42 0 0 0 0.00014 0 0 0.00229 0 0 0.00014 0 0.00143
44 0 0 0 0.00014 0 0 0.00057 0 0 0.00014 0 0.00129
46 0 0 0 0 0 0 0.00057 0 0 0.00014 0 0.00143
48 0 0 0 0 0 0 0.00043 0 0 0 0 0.00014
50 0 0 0 0 0 0 0 0 0 0 0 0.00014
52 0 0 0 0 0 0 0 0 0 0.00029 0 0.00014
54 0 0 0 0 0 0 0.00014 0 0 0 0 0
56 0 0 0 0 0 0 0 0 0 0 0 0.00014
58 0 0 0 0 0 0 0 0 0 0 0 0.00029
60 0 0 0 0 0 0 0 0 0 0 0 0.00014
62 0 0 0 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0.00014
66 0 0 0 0 0 0 0 0 0 0 0 0.00014
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0.00014
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0.00014
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0.00014
88 0 0 0 0 0 0 0 0 0 0 0 0.00014
FHWA Vehicle Class
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Table A–9.  Steer Axle Load Spectra for I-210EB in Los Angeles County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0
4 0.00001 0.0765 0.00028 0 0.00078 0.00063 0.00001 0.00014 0.00002 0 0.00001 0.00395
5 0.0001 0.04793 0.00068 0 0.00136 0.0014 0.00001 0.00022 0.00004 0 0.00002 0.00165
6 0.00087 0.04639 0.00093 0.00001 0.00592 0.00185 0.00002 0.00438 0.00023 0.00002 0.00008 0.00181
7 0.00223 0.03529 0.00365 0.00002 0.01518 0.01629 0.00025 0.0297 0.00108 0.00013 0.00204 0.00178
8 0.0029 0.01983 0.00803 0.00004 0.02087 0.07148 0.00045 0.03393 0.002 0.00028 0.00599 0.00134
9 0.00314 0.01142 0.01192 0.00004 0.00997 0.1646 0.00129 0.01781 0.00287 0.00027 0.00415 0.00108
10 0.00203 0.00443 0.00829 0.00003 0.0019 0.18356 0.0018 0.00355 0.00186 0.0002 0.00348 0.00071
11 0.0012 0.00161 0.00446 0.00005 0.00024 0.05221 0.00049 0.00024 0.00021 0.0002 0.00263 0.0003
12 0.00052 0.00053 0.00249 0.00007 0.00009 0.00526 0.00004 0 0 0.00014 0.00117 0.00015
13 0.00023 0.00028 0.00153 0.00012 0.00004 0.00156 0.00001 0 0 0.0001 0.0005 0.00011
14 0.00007 0.00017 0.00118 0.00019 0.00002 0.00031 0 0 0 0.00005 0.00014 0.00007
15 0.00001 0.00009 0.00111 0.00032 0.00002 0.00016 0 0 0 0.00003 0.00005 0.00004
16 0 0.00003 0.00098 0.00047 0.00002 0.0001 0 0 0 0.00003 0.00003 0.00003
17 0 0.00001 0.00061 0.0004 0.00003 0.00007 0 0 0 0.00005 0.00001 0.00003
18 0 0 0.00022 0.00021 0.00003 0.00002 0 0 0 0.00002 0 0.00002
19 0 0 0.00007 0.00005 0.00001 0.00001 0 0 0 0.00002 0 0.00002
20 0 0 0.00002 0.00001 0 0 0 0 0 0.00002 0 0.00001
21 0 0 0.00001 0 0 0 0 0 0 0 0 0.00001
22 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–10.  Single Axle Load Spectra for I-210EB in Los Angeles County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0.00331 0 0 0.00041 0.0007 0 0.00056 0.00001 0.00001 0.00005 0.00042
2 0 0.0062 0 0.00005 0.00276 0.0015 0 0.01236 0.00029 0.00004 0.00126 0.00104
3 0 0.00274 0 0.00003 0.00118 0.0047 0.00001 0.04676 0.00159 0.00012 0.00607 0.00099
4 0 0.01844 0 0.00001 0.00203 0.01136 0 0.04481 0.00264 0.00024 0.01022 0.00139
5 0.00004 0.04085 0 0.00002 0.00387 0.00735 0.00003 0.02798 0.00346 0.00035 0.00589 0.00209
6 0.00015 0.03995 0 0.00003 0.00477 0.00395 0 0.02232 0.0023 0.00029 0.00178 0.00203
7 0.00041 0.04054 0 0.00006 0.00828 0.0027 0 0.02064 0.0025 0.0002 0.00083 0.0015
8 0.00087 0.03813 0 0.00008 0.01126 0.00236 0.00001 0.01654 0.00301 0.00017 0.00051 0.00122
9 0.0011 0.03233 0 0.00015 0.01192 0.00235 0.00002 0.01831 0.0032 0.00012 0.00066 0.00117
10 0.00087 0.0205 0 0.00035 0.00965 0.00204 0.00001 0.01705 0.00234 0.00003 0.00079 0.00098
11 0.0007 0.01433 0 0.00056 0.0086 0.00217 0.00001 0.0168 0.00188 0.00002 0.00082 0.00097
12 0.00054 0.01057 0 0.00035 0.007 0.00246 0 0.01741 0.00169 0.00001 0.00133 0.00077
13 0.00053 0.00886 0 0.00004 0.00609 0.00346 0 0.02275 0.00158 0.00002 0.00278 0.00063
14 0.00052 0.00655 0 0 0.00415 0.00503 0 0.02903 0.00118 0.00002 0.00386 0.00041
15 0.0012 0.00525 0 0 0.00301 0.00869 0 0.0378 0.00085 0.00003 0.00439 0.00045
16 0.00204 0.00431 0 0 0.00231 0.0107 0 0.03646 0.00037 0.00006 0.00345 0.00051
17 0.00098 0.00304 0 0 0.00173 0.00687 0 0.02302 0.00014 0.00006 0.00188 0.00032
18 0.00034 0.00162 0 0 0.00099 0.00167 0 0.007 0.00003 0.00006 0.00057 0.00017
19 0.00014 0.0009 0 0 0.00052 0.00039 0 0.00177 0.00001 0.00008 0.00016 0.00009
20 0.00004 0.0005 0 0 0.00024 0.00013 0 0.00036 0 0.00006 0.00004 0.00007
21 0.00001 0.00033 0 0 0.00012 0.00008 0 0.00008 0 0.00009 0.00001 0.00005
22 0.00001 0.00017 0 0 0.00006 0.00006 0 0.00001 0 0.00006 0 0.00003
23 0 0.00009 0 0 0.00003 0.00005 0 0 0 0.00007 0 0.00002
24 0 0.00004 0 0 0.00002 0.00004 0 0 0 0.00006 0 0.00001
25 0 0.00002 0 0 0.00001 0.00003 0 0 0 0.00006 0 0.00001
26 0 0.00001 0 0 0.00001 0.00002 0 0 0 0.00005 0 0
27 0 0 0 0 0 0.00001 0 0 0 0.00005 0 0
28 0 0 0 0 0 0.00001 0 0 0 0.00002 0 0
29 0 0 0 0 0 0 0 0 0 0.00001 0 0
30 0 0 0 0 0 0 0 0 0 0.00001 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–11.  Tandem Axle Load Spectra for I-210EB in Los Angeles County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0.00021 0 0 0 0.00002 0 0 0 0 0 0.00011
4 0 0.00166 0.00006 0 0.0002 0.0009 0 0 0 0.00001 0 0.00104
6 0 0.00243 0.00299 0.00002 0.00103 0.01887 0.00001 0 0.00002 0.00013 0.00004 0.0015
8 0 0.00132 0.00876 0.00004 0.00387 0.06145 0.00004 0 0.00042 0.00034 0.00136 0.0011
10 0.00001 0.00033 0.00412 0.00001 0.0077 0.10671 0.00035 0 0.00142 0.00041 0.00578 0.00086
12 0.00003 0 0.00396 0.00001 0.0058 0.09721 0.00049 0 0.00121 0.00036 0.00156 0.00053
14 0.00005 0 0.0038 0.00001 0.00456 0.07636 0.00035 0 0.00142 0.00027 0.00059 0.00048
16 0.00037 0 0.00339 0.00001 0.00344 0.0553 0.00036 0 0.0012 0.00025 0.00047 0.00022
18 0.00075 0 0.00286 0.00001 0.00261 0.05271 0.00041 0 0.00097 0.00015 0.00028 0.00014
20 0.00093 0 0.00211 0.00001 0.0016 0.04418 0.00045 0 0.0006 0.00009 0.00028 0.00012
22 0.00073 0 0.00197 0.00003 0.00106 0.04315 0.00036 0 0.00022 0.0001 0.00034 0.00012
24 0.00046 0 0.00169 0.00006 0.00059 0.0444 0.00031 0 0.00003 0.00012 0.00047 0.00012
26 0.00036 0 0.00175 0.0001 0.00036 0.06263 0.00035 0 0 0.00016 0.00108 0.00018
28 0.00017 0 0.00147 0.00019 0.00022 0.09246 0.00032 0 0 0.00015 0.00222 0.00018
30 0.00005 0 0.00121 0.00033 0.00014 0.08648 0.00015 0 0 0.00015 0.00246 0.00015
32 0.00001 0 0.00082 0.00028 0.00006 0.02311 0.00004 0 0 0.00013 0.00103 0.00008
34 0.00001 0 0.00056 0.00016 0.00003 0.00429 0.00002 0 0 0.00014 0.00031 0.00006
36 0 0 0.00027 0.00006 0.00001 0.00122 0.00001 0 0 0.00013 0.00006 0.00003
38 0 0 0.00013 0.00002 0 0.00053 0.00001 0 0 0.00013 0.00001 0.00003
40 0 0 0.00007 0 0 0.00024 0.00001 0 0 0.00012 0.00001 0.00003
42 0 0 0.00003 0 0 0.00014 0 0 0 0.0001 0 0.00002
44 0 0 0.00001 0 0 0.00009 0 0 0 0.00006 0 0.00002
46 0 0 0 0 0 0.00005 0 0 0 0.00005 0 0.00002
48 0 0 0 0 0 0.00003 0 0 0 0.00005 0 0.00001
50 0 0 0 0 0 0.00003 0 0 0 0.00004 0 0.00001
52 0 0 0 0 0 0.00001 0 0 0 0.00003 0 0
54 0 0 0 0 0 0.00001 0 0 0 0.00002 0 0
56 0 0 0 0 0 0.00001 0 0 0 0.00001 0 0
58 0 0 0 0 0 0 0 0 0 0.00001 0 0
60 0 0 0 0 0 0 0 0 0 0 0 0
62 0 0 0 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–12.  Tridem Axle Load Spectra for I-210EB in Los Angeles County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0 0 0 0 0 0 0 0 0 0 0.00133
4 0 0 0 0 0 0 0.00066 0 0 0.00007 0 0.03633
6 0 0 0 0 0 0 0.00391 0 0 0.00007 0 0.05543
8 0 0 0 0.00007 0 0 0.01319 0 0 0 0 0.06113
10 0 0 0 0.00007 0 0 0.03647 0 0 0.00033 0 0.10987
12 0 0 0 0.00007 0 0 0.03507 0 0 0.00013 0 0.09084
14 0 0 0 0.00013 0 0 0.0374 0 0 0.0004 0 0.04761
16 0 0 0 0.00027 0 0 0.02632 0 0 0.00033 0 0.01691
18 0 0 0 0.00073 0 0 0.03832 0 0 0.00007 0 0.00743
20 0 0 0 0.00086 0 0 0.03302 0 0 0.00033 0 0.00298
22 0 0 0 0.00086 0 0 0.02937 0 0 0.00013 0 0.00272
24 0 0 0 0.00146 0 0 0.03938 0 0 0.00013 0 0.00199
26 0 0 0 0.00305 0 0 0.03965 0 0 0.00013 0 0.00146
28 0 0 0 0.00424 0 0 0.03229 0 0 0.00013 0 0.00113
30 0 0 0 0.00656 0 0 0.0429 0 0 0.00033 0 0.00146
32 0 0 0 0.00796 0 0 0.03726 0 0 0.0004 0 0.00073
34 0 0 0 0.01061 0 0 0.02208 0 0 0.00053 0 0.00179
36 0 0 0 0.00723 0 0 0.00816 0 0 0.00013 0 0.00133
38 0 0 0 0.00822 0 0 0.00305 0 0 0.0006 0 0.00113
40 0 0 0 0.00298 0 0 0.00232 0 0 0.00033 0 0.00139
42 0 0 0 0.00139 0 0 0.00139 0 0 0.00033 0 0.00106
44 0 0 0 0.00086 0 0 0.00106 0 0 0.0006 0 0.00073
46 0 0 0 0.0004 0 0 0.00186 0 0 0.00046 0 0.0004
48 0 0 0 0.0002 0 0 0.00066 0 0 0.00027 0 0.0006
50 0 0 0 0.00007 0 0 0.00027 0 0 0.00007 0 0.0004
52 0 0 0 0 0 0 0.00013 0 0 0.0002 0 0.00027
54 0 0 0 0 0 0 0.00007 0 0 0 0 0.00007
56 0 0 0 0.00007 0 0 0.00007 0 0 0.00007 0 0.00007
58 0 0 0 0 0 0 0.00007 0 0 0 0 0
60 0 0 0 0 0 0 0.00007 0 0 0 0 0
62 0 0 0 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0.00007 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–13.  Steer Axle Load Spectra for I-5NB in San Joaquin County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0 0 0 0 0 0 0 0 0 0 0
2 0 0 0 0 0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0.03354 0.00034 0 0.00835 0.00068 0 0.00005 0.00001 0.00001 0.00001 0.00286
5 0.00002 0.01896 0.00046 0.00002 0.00583 0.00102 0.00001 0.001 0.00011 0.00001 0.00004 0.001
6 0.00013 0.01139 0.00042 0.00003 0.00537 0.00308 0.00006 0.01833 0.00099 0.00002 0.00079 0.00091
7 0.0004 0.00819 0.0019 0.00002 0.0084 0.02808 0.00042 0.05765 0.0039 0.00006 0.00543 0.00089
8 0.00074 0.00413 0.0038 0.00004 0.00764 0.11218 0.00219 0.05536 0.00673 0.00019 0.00831 0.0009
9 0.00141 0.00203 0.00427 0.00002 0.00372 0.25765 0.00583 0.03092 0.00787 0.00029 0.00756 0.00102
10 0.0015 0.00066 0.00213 0 0.00081 0.18477 0.00377 0.00389 0.00247 0.00019 0.00347 0.00054
11 0.00099 0.00021 0.00089 0 0.00014 0.03134 0.00052 0.00013 0.00009 0.00009 0.00119 0.00021
12 0.00035 0.00007 0.00035 0 0.00004 0.00087 0.00003 0 0 0.00004 0.00036 0.00011
13 0.0001 0.00004 0.00022 0.00001 0.00001 0.00017 0 0 0 0.00003 0.00011 0.00006
14 0.00003 0.00003 0.00012 0.00001 0.00001 0.00012 0 0 0 0.00002 0.00002 0.00004
15 0.00001 0.00002 0.00008 0.00002 0.00001 0.00007 0 0 0 0.00001 0.00001 0.00004
16 0 0.00001 0.00003 0.00002 0.00001 0.00003 0 0 0 0.00001 0 0.00002
17 0 0.00001 0.00002 0.00002 0 0.00001 0 0 0 0.00001 0 0.00002
18 0 0 0.00001 0 0 0 0 0 0 0 0 0.00001
19 0 0.00001 0.00001 0 0 0 0 0 0 0 0 0.00001
20 0 0 0 0 0 0 0 0 0 0 0 0
21 0 0 0 0 0 0 0 0 0 0 0 0
22 0 0 0 0 0 0 0 0 0 0 0 0
23 0 0 0 0 0 0 0 0 0 0 0 0
24 0 0 0 0 0 0 0 0 0 0 0 0
25 0 0 0 0 0 0 0 0 0 0 0 0
26 0 0 0 0 0 0 0 0 0 0 0 0
27 0 0 0 0 0 0 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–14.  Single Axle Load Spectra for I-5NB in San Joaquin County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0 0.00165 0 0 0.00425 0.00049 0 0.00003 0 0 0.00001 0.00066
2 0 0.00685 0 0.00002 0.01707 0.00249 0 0.0048 0.00007 0.00001 0.00044 0.00081
3 0 0.00146 0 0.00003 0.00349 0.00161 0.00001 0.05501 0.00119 0.00003 0.00599 0.00067
4 0 0.00482 0 0.00002 0.00157 0.00648 0 0.06924 0.00417 0.00003 0.01057 0.00081
5 0 0.01189 0 0.00002 0.00321 0.00689 0 0.03523 0.00583 0.00004 0.00429 0.00101
6 0.00001 0.01103 0 0.00001 0.00375 0.0034 0 0.03334 0.00574 0.00006 0.00121 0.00085
7 0.00004 0.01154 0 0 0.00519 0.00298 0 0.03652 0.00713 0.00009 0.00051 0.00074
8 0.00007 0.00997 0 0.00001 0.00598 0.00278 0 0.0289 0.00741 0.0001 0.00031 0.00057
9 0.0001 0.00858 0 0.00002 0.00609 0.00282 0 0.02962 0.00713 0.00007 0.00033 0.00061
10 0.00009 0.00534 0 0.00002 0.00428 0.00273 0 0.0294 0.00627 0.00005 0.00044 0.00052
11 0.00006 0.00339 0 0.00002 0.0036 0.00342 0 0.03447 0.00565 0.00004 0.0009 0.00051
12 0.00008 0.00257 0 0.00001 0.00307 0.00566 0 0.04367 0.00472 0.00004 0.002 0.0005
13 0.00008 0.00222 0 0 0.00278 0.01127 0 0.06099 0.0036 0.00003 0.00466 0.00049
14 0.00008 0.00157 0 0 0.00208 0.01577 0 0.06199 0.00189 0.00002 0.00665 0.0004
15 0.00007 0.0011 0 0 0.00156 0.01543 0 0.05129 0.00083 0.00003 0.00694 0.00033
16 0.00009 0.0007 0 0 0.00101 0.00789 0 0.03159 0.00032 0.00003 0.00408 0.00021
17 0.00008 0.00044 0 0 0.00059 0.00209 0 0.01448 0.00009 0.00004 0.00134 0.00012
18 0.00005 0.00017 0 0 0.00023 0.00031 0 0.00327 0.00002 0.00004 0.00023 0.00005
19 0.00002 0.00008 0 0 0.00009 0.0001 0 0.00062 0.00001 0.00005 0.00004 0.00003
20 0.00001 0.00004 0 0 0.00004 0.00007 0 0.0001 0 0.00004 0.00001 0.00002
21 0 0.00002 0 0 0.00002 0.00006 0 0.00001 0 0.00004 0 0.00001
22 0 0.00001 0 0 0.00001 0.00005 0 0 0 0.00003 0 0
23 0 0.00001 0 0 0 0.00003 0 0 0 0.00003 0 0
24 0 0 0 0 0 0.00002 0 0 0 0.00002 0 0
25 0 0 0 0 0 0.00001 0 0 0 0.00002 0 0
26 0 0 0 0 0 0.00001 0 0 0 0.00001 0 0
27 0 0 0 0 0 0.00001 0 0 0 0 0 0
28 0 0 0 0 0 0 0 0 0 0 0 0
29 0 0 0 0 0 0 0 0 0 0 0 0
30 0 0 0 0 0 0 0 0 0 0 0 0
31 0 0 0 0 0 0 0 0 0 0 0 0
32 0 0 0 0 0 0 0 0 0 0 0 0
33 0 0 0 0 0 0 0 0 0 0 0 0
34 0 0 0 0 0 0 0 0 0 0 0 0
35 0 0 0 0 0 0 0 0 0 0 0 0
36 0 0 0 0 0 0 0 0 0 0 0 0
37 0 0 0 0 0 0 0 0 0 0 0 0
38 0 0 0 0 0 0 0 0 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
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Table A–15.  Tandem Axle Load Spectra for I-5NB in San Joaquin County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0.00001 0 0 0.00003 0 0 0 0 0 0 0.00003
4 0 0.00061 0 0 0.001 0.00012 0 0 0 0.00001 0 0.0009
6 0 0.00108 0.00046 0 0.00171 0.0064 0 0 0 0.00002 0.00001 0.00083
8 0 0.00067 0.00271 0.00001 0.0016 0.04609 0.00002 0 0.00025 0.00004 0.00062 0.00041
10 0 0.00018 0.00168 0.00002 0.00223 0.06328 0.00014 0 0.00141 0.00012 0.00494 0.0002
12 0 0 0.00098 0.00002 0.00193 0.06936 0.0003 0 0.0021 0.00019 0.00276 0.00018
14 0.00005 0 0.0007 0.00001 0.00167 0.0698 0.00059 0 0.00327 0.00018 0.00058 0.00017
16 0.00034 0 0.00054 0 0.00126 0.05245 0.00099 0 0.0038 0.00015 0.00033 0.00017
18 0.00089 0 0.00057 0 0.00092 0.05303 0.00187 0 0.00342 0.00012 0.00027 0.00016
20 0.00108 0 0.00062 0 0.00056 0.04959 0.00172 0 0.00193 0.00006 0.00028 0.00012
22 0.00062 0 0.00063 0 0.00037 0.05803 0.00109 0 0.00071 0.00006 0.00057 0.00018
24 0.00027 0 0.00058 0 0.0002 0.08014 0.00099 0 0.00013 0.00006 0.00129 0.00024
26 0.00018 0 0.00069 0.00001 0.00013 0.13084 0.00112 0 0.00002 0.0001 0.0029 0.00034
28 0.00012 0 0.00068 0.00001 0.00008 0.1468 0.00073 0 0 0.00013 0.00392 0.00026
30 0.00004 0 0.00043 0.00001 0.00003 0.07548 0.00022 0 0 0.00016 0.00204 0.00012
32 0.00001 0 0.00014 0.00001 0.00001 0.01061 0.00004 0 0 0.00015 0.00038 0.00005
34 0 0 0.00007 0 0 0.0012 0.00002 0 0 0.00016 0.00006 0.00003
36 0 0 0.00004 0 0 0.00029 0.00002 0 0 0.00013 0.00001 0.00003
38 0 0 0.00002 0 0 0.00014 0.00001 0 0 0.00009 0 0.00003
40 0 0 0.00001 0 0 0.00009 0 0 0 0.00005 0 0.00002
42 0 0 0.00001 0 0 0.00005 0 0 0 0.00003 0 0.00002
44 0 0 0 0 0 0.00004 0 0 0 0.00003 0 0.00001
46 0 0 0 0 0 0.00002 0 0 0 0.00002 0 0.00001
48 0 0 0 0 0 0.00002 0 0 0 0.00002 0 0
50 0 0 0 0 0 0.00001 0 0 0 0.00001 0 0
52 0 0 0 0 0 0 0 0 0 0.00001 0 0
54 0 0 0 0 0 0 0 0 0 0 0 0
56 0 0 0 0 0 0 0 0 0 0 0 0
58 0 0 0 0 0 0 0 0 0 0 0 0
60 0 0 0 0 0 0 0 0 0 0 0 0
62 0 0 0 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
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Table A–16.  Tridem Axle Load Spectra for I-5NB in San Joaquin County, California 
WIM Station. 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0 0 0 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0.00015 0 0 0 0 0.00678
6 0 0 0 0 0 0 0.00088 0 0 0.00039 0 0.0155
8 0 0 0 0 0 0 0.00378 0 0 0.00019 0 0.01862
10 0 0 0 0 0 0 0.02021 0 0 0.00037 0 0.02637
12 0 0 0 0.0001 0 0 0.03666 0 0 0.00054 0 0.02423
14 0 0 0 0 0 0 0.042 0 0 0.00054 0 0.01189
16 0 0 0 0 0 0 0.04858 0 0 0.00027 0 0.00463
18 0 0 0 0.00002 0 0 0.05911 0 0 0.00051 0 0.00314
20 0 0 0 0 0 0 0.0672 0 0 0.00041 0 0.00234
22 0 0 0 0 0 0 0.09743 0 0 0.00027 0 0.00239
24 0 0 0 0.00002 0 0 0.12421 0 0 0.00054 0 0.00205
26 0 0 0 0.00002 0 0 0.08541 0 0 0.00044 0 0.00158
28 0 0 0 0.00007 0 0 0.07239 0 0 0.00083 0 0.00046
30 0 0 0 0.00012 0 0 0.08451 0 0 0.00073 0 0.00076
32 0 0 0 0.00032 0 0 0.06311 0 0 0.00049 0 0.00112
34 0 0 0 0.00073 0 0 0.03337 0 0 0.00044 0 0.00061
36 0 0 0 0.00024 0 0 0.01243 0 0 0.00041 0 0.00066
38 0 0 0 0.00034 0 0 0.00436 0 0 0.00056 0 0.00037
40 0 0 0 0.00005 0 0 0.00266 0 0 0.00046 0 0.00019
42 0 0 0 0.00005 0 0 0.00249 0 0 0.00049 0 0.00019
44 0 0 0 0.00005 0 0 0.00158 0 0 0.00049 0 0.0001
46 0 0 0 0.00002 0 0 0.00078 0 0 0.00015 0 0.00007
48 0 0 0 0.00002 0 0 0.00017 0 0 0.00019 0 0.00005
50 0 0 0 0 0 0 0.00015 0 0 0.00005 0 0.00002
52 0 0 0 0 0 0 0.00015 0 0 0 0 0.00002
54 0 0 0 0 0 0 0.00005 0 0 0 0 0
56 0 0 0 0 0 0 0 0 0 0.00002 0 0
58 0 0 0 0 0 0 0 0 0 0 0 0.00002
60 0 0 0 0 0 0 0.00002 0 0 0 0 0
62 0 0 0 0 0 0 0 0 0 0 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
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Table A–17.  Steer Axle Load Spectra for National Average MEPDG Default WIM 
Station. 
 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0.00027 0.00392 0.000593 0 0.004544 0.014686 0.000182 0.000994 0.0002 0.000266 0 0
2 0.000144 0.005152 0.000427 0 0.002094 0.011563 0.000062 0.000815 6.87E-05 8.01E-05 0 0
3 0.000437 0.006404 0.000828 0 0.003058 0.02397 0.000118 0.001453 0.000146 0.000114 0 0
4 0.000599 0.004138 0.000948 0 0.002726 0.029793 0.000169 0.001476 0.000176 0.000157 0 0
5 0.00102 0.003596 0.001608 0 0.003116 0.041609 0.000259 0.00177 0.000179 0.000181 0 0
6 0.001721 0.003225 0.002028 0 0.003756 0.071149 0.000418 0.001954 0.000266 0.000243 0 0
7 0.001695 0.002777 0.002844 0 0.003873 0.115375 0.000693 0.002262 0.000287 0.000251 0 0
8 0.001646 0.002282 0.003257 0 0.003319 0.149219 0.000868 0.00271 0.000298 0.000321 0 0
9 0.001482 0.001767 0.002911 0 0.002523 0.141032 0.000811 0.002394 0.000258 0.000321 0 0
10 0.001281 0.001349 0.002275 0 0.002024 0.097651 0.000514 0.002041 0.000213 0.000333 0 0
11 0.0011 0.000998 0.001639 0 0.001556 0.0514 0.000326 0.002005 0.000176 0.00022 0 0
12 0.000833 0.000749 0.001212 0 0.001318 0.029709 0.000197 0.001582 0.000198 0.000113 0 0
13 0.000635 0.000601 0.000898 0 0.001065 0.01612 0.000117 0.001336 0.000137 0.000093 0 0
14 0.000467 0.000464 0.000638 0 0.000854 0.013082 7.85E-05 0.001218 0.000109 7.74E-05 0 0
15 0.000381 0.000351 0.000461 0 0.000714 0.009284 5.35E-05 0.000997 7.68E-05 4.56E-05 0 0
16 0.000297 0.000265 0.000343 0 0.000597 0.007427 3.55E-05 0.000846 0.00006 3.96E-05 0 0
17 0.00023 0.000203 0.000257 0 0.000452 0.006161 2.65E-05 0.000577 4.62E-05 0.00003 0 0
18 0.000179 0.000156 0.000197 0 0.000378 0.004473 0.000016 0.000456 2.94E-05 2.49E-05 0 0
19 0.000174 0.000121 0.000154 0 0.000238 0.003207 1.45E-05 0.000356 2.13E-05 1.92E-05 0 0
20 0.000099 0.000121 0.000118 0 0.000215 0.00211 9.5E-06 0.000213 1.53E-05 1.14E-05 0 0
21 0.000084 7.02E-05 9.12E-05 0 0.00014 0.001435 7.5E-06 0.000165 8.7E-06 1.56E-05 0 0
22 5.55E-05 5.46E-05 6.24E-05 0 0.000101 0.001097 8.5E-06 0.000115 8.1E-06 6.6E-06 0 0
23 4.65E-05 5.85E-05 5.76E-05 0 7.41E-05 0.000675 4.5E-06 0.00007 5.7E-06 3.9E-06 0 0
24 0.000027 4.68E-05 3.12E-05 0 6.24E-05 0.000506 2.5E-06 3.92E-05 4.5E-06 7.8E-06 0 0
25 0.000027 3.12E-05 3.12E-05 0 4.29E-05 0.000338 1.5E-06 5.88E-05 3.6E-06 8.4E-06 0 0
26 0.000021 1.95E-05 1.92E-05 0 3.12E-05 0.000253 0.000001 1.96E-05 2.4E-06 3.6E-06 0 0
27 0.000012 1.95E-05 1.92E-05 0 1.95E-05 0.000169 1.5E-06 2.52E-05 2.7E-06 3.9E-06 0 0
28 7.5E-06 7.8E-06 0.000012 0 1.56E-05 8.44E-05 0.000001 1.68E-05 6E-07 1.5E-06 0 0
29 0.000006 7.8E-06 7.2E-06 0 1.56E-05 8.44E-05 1.5E-06 8.4E-06 9E-07 1.5E-06 0 0
30 0.000006 7.8E-06 7.2E-06 0 4.68E-05 8.44E-05 5E-07 1.12E-05 3E-07 2.4E-06 0 0
31 0.000006 7.8E-06 7.2E-06 0 3.9E-06 8.44E-05 0.000001 2.8E-06 3E-07 1.8E-06 0 0
32 4.5E-06 7.8E-06 4.8E-06 0 7.8E-06 8.44E-05 5E-07 0 3E-07 6E-07 0 0
33 0.000003 7.8E-06 2.4E-06 0 7.8E-06 0 5E-07 0 0 3E-07 0 0
34 0.000003 7.8E-06 2.4E-06 0 3.9E-06 8.44E-05 0 0 0 3E-07 0 0
35 1.5E-06 3.9E-06 2.4E-06 0 3.9E-06 0 5E-07 0 3E-07 3E-07 0 0
36 1.5E-06 3.9E-06 2.4E-06 0 0 0 0 5.6E-06 3E-07 3E-07 0 0
37 1.5E-06 0 2.4E-06 0 3.9E-06 0 5E-07 2.8E-06 0 3E-07 0 0
38 1.5E-06 0 2.4E-06 0 0 0 0.000002 5.6E-06 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
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Table A–18.  Single Axle Load Spectra for National Average MEPDG Default WIM 
Station. 
 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
1 0.000332 0.005955 0.000459 0 0.008214 0.012606 0.000165 0.003239 0.000536 0.000435 0 0
2 0.000177 0.007827 0.000331 0 0.003786 0.009926 5.6E-05 0.002655 0.000184 0.000131 0 0
3 0.000537 0.009729 0.000642 0 0.005528 0.020576 0.000107 0.004736 0.000391 0.000187 0 0
4 0.000737 0.006287 0.000735 0 0.004929 0.025575 0.000153 0.004809 0.00047 0.000256 0 0
5 0.001255 0.005463 0.001246 0 0.005634 0.035717 0.000234 0.005767 0.000479 0.000295 0 0
6 0.002117 0.0049 0.001571 0 0.00679 0.061075 0.000377 0.006369 0.000711 0.000397 0 0
7 0.002086 0.004219 0.002204 0 0.007002 0.099038 0.000626 0.007373 0.000768 0.000409 0 0
8 0.002025 0.003466 0.002524 0 0.006 0.12809 0.000784 0.008833 0.000797 0.000524 0 0
9 0.001824 0.002684 0.002256 0 0.004562 0.121062 0.000733 0.007802 0.000689 0.000524 0 0
10 0.001576 0.00205 0.001763 0 0.003659 0.083824 0.000464 0.006652 0.00057 0.000544 0 0
11 0.001353 0.001517 0.00127 0 0.002813 0.044122 0.000295 0.006533 0.000471 0.000359 0 0
12 0.001024 0.001138 0.000939 0 0.002383 0.025502 0.000178 0.005156 0.00053 0.000185 0 0
13 0.000781 0.000912 0.000695 0 0.001925 0.013838 0.000105 0.004353 0.000365 0.000152 0 0
14 0.000574 0.000705 0.000495 0 0.001544 0.01123 7.1E-05 0.003969 0.000291 0.000126 0 0
15 0.000469 0.000533 0.000357 0 0.00129 0.007969 4.84E-05 0.003248 0.000205 7.45E-05 0 0
16 0.000365 0.000403 0.000266 0 0.001079 0.006376 3.21E-05 0.002756 0.00016 6.47E-05 0 0
17 0.000282 0.000308 0.000199 0 0.000818 0.005289 2.4E-05 0.00188 0.000124 4.9E-05 0 0
18 0.00022 0.000237 0.000152 0 0.000684 0.00384 1.45E-05 0.001487 7.86E-05 4.07E-05 0 0
19 0.000214 0.000184 0.000119 0 0.00043 0.002753 1.31E-05 0.001159 5.7E-05 3.14E-05 0 0
20 0.000122 0.000184 9.11E-05 0 0.000388 0.001811 8.59E-06 0.000693 4.09E-05 1.86E-05 0 0
21 0.000103 0.000107 7.07E-05 0 0.000254 0.001232 6.78E-06 0.000538 2.33E-05 2.55E-05 0 0
22 6.83E-05 8.3E-05 4.84E-05 0 0.000183 0.000942 7.68E-06 0.000374 2.17E-05 1.08E-05 0 0
23 5.72E-05 8.89E-05 4.46E-05 0 0.000134 0.00058 4.07E-06 0.000228 1.52E-05 6.37E-06 0 0
24 3.32E-05 7.11E-05 2.42E-05 0 0.000113 0.000435 2.26E-06 0.000128 1.2E-05 1.27E-05 0 0
25 3.32E-05 4.74E-05 2.42E-05 0 7.76E-05 0.00029 1.36E-06 0.000192 9.63E-06 1.37E-05 0 0
26 2.58E-05 2.96E-05 1.49E-05 0 5.64E-05 0.000217 9.04E-07 6.39E-05 6.42E-06 5.88E-06 0 0
27 1.48E-05 2.96E-05 1.49E-05 0 3.53E-05 0.000145 1.36E-06 8.21E-05 7.22E-06 6.37E-06 0 0
28 9.23E-06 1.19E-05 9.3E-06 0 2.82E-05 7.24E-05 9.04E-07 5.47E-05 1.6E-06 2.45E-06 0 0
29 7.38E-06 1.19E-05 5.58E-06 0 2.82E-05 7.24E-05 1.36E-06 2.74E-05 2.41E-06 2.45E-06 0 0
30 7.38E-06 1.19E-05 5.58E-06 0 8.46E-05 7.24E-05 4.52E-07 3.65E-05 8.02E-07 3.92E-06 0 0
31 7.38E-06 1.19E-05 5.58E-06 0 7.05E-06 7.24E-05 9.04E-07 9.12E-06 8.02E-07 2.94E-06 0 0
32 5.54E-06 1.19E-05 3.72E-06 0 1.41E-05 7.24E-05 4.52E-07 0 8.02E-07 9.8E-07 0 0
33 3.69E-06 1.19E-05 1.86E-06 0 1.41E-05 0 4.52E-07 0 0 4.9E-07 0 0
34 3.69E-06 1.19E-05 1.86E-06 0 7.05E-06 7.24E-05 0 0 0 4.9E-07 0 0
35 1.85E-06 5.93E-06 1.86E-06 0 7.05E-06 0 4.52E-07 0 8.02E-07 4.9E-07 0 0
36 1.85E-06 5.93E-06 1.86E-06 0 0 0 0 1.82E-05 8.02E-07 4.9E-07 0 0
37 1.85E-06 0 1.86E-06 0 7.05E-06 0 4.52E-07 9.12E-06 0 4.9E-07 0 0
38 1.85E-06 0 1.86E-06 0 0 0 1.81E-06 1.82E-05 0 0 0 0
39 0 0 0 0 0 0 0 0 0 0 0 0
40 0 0 0 0 0 0 0 0 0 0 0 0
41 0 0 0 0 0 0 0 0 0 0 0 0
42 0 0 0 0 0 0 0 0 0 0 0 0
43 0 0 0 0 0 0 0 0 0 0 0 0
44 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
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Table A–19.  Tandem Axle Load Spectra for National Average MEPDG Default WIM 
Station. 
 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0.000201 0 0.000735 0 0.002897 0.026525 7.82E-05 0.000338 0.000105 0.00024 0 0
4 4.93E-05 0 0.001173 0 0.001235 0.037403 6.99E-05 0.000134 3.51E-05 0.000144 0 0
6 6.65E-05 0 0.001507 0 0.00171 0.06221 0.000117 0.000222 6.71E-05 0.000209 0 0
8 9.35E-05 0 0.001251 0 0.001817 0.072706 0.000172 0.000351 0.000118 0.000212 0 0
10 0.000124 0 0.001074 0 0.001612 0.073946 0.00022 0.000379 0.000175 0.000215 0 0
12 0.00017 0 0.001044 0 0.001264 0.066886 0.000239 0.00036 0.000168 0.000207 0 0
14 0.000272 0 0.000941 0 0.001038 0.055627 0.000223 0.000302 0.000196 0.000183 0 0
16 0.000397 0 0.000843 0 0.000816 0.053432 0.000211 0.000234 0.000217 0.000168 0 0
18 0.000487 0 0.000795 0 0.000632 0.049329 0.0002 0.000219 0.000216 0.000241 0 0
20 0.000451 0 0.00072 0 0.000478 0.048184 0.00019 0.000255 0.000145 0.000179 0 0
22 0.000368 0 0.000629 0 0.000358 0.050379 0.000197 0.000244 0.000123 0.000162 0 0
24 0.000256 0 0.000543 0 0.000279 0.052764 0.000209 0.000186 9.88E-05 0.000211 0 0
26 0.000174 0 0.000447 0 0.000242 0.058489 0.000199 0.000281 7.87E-05 0.000271 0 0
28 0.000107 0 0.000544 0 0.000184 0.05992 0.000189 0.000197 6.19E-05 0.000176 0 0
30 6.41E-05 0 0.000295 0 0.000161 0.0541 0.000159 0.000191 5.49E-05 0.000169 0 0
32 4.45E-05 0 0.000242 0 0.000144 0.042555 0.000116 0.000124 3.47E-05 0.000147 0 0
34 2.6E-05 0 0.0002 0 8.57E-05 0.030151 8.91E-05 7.8E-05 2.64E-05 0.000157 0 0
36 1.82E-05 0 0.000175 0 9.8E-05 0.020323 7.15E-05 4.78E-05 2.14E-05 0.000121 0 0
38 1.78E-05 0 0.000141 0 4.29E-05 0.013453 5.4E-05 3.58E-05 1.16E-05 8.53E-05 0 0
40 1.03E-05 0 0.000116 0 4.29E-05 0.008683 4.02E-05 2.9E-05 1.02E-05 6.63E-05 0 0
42 7.2E-06 0 9.88E-05 0 6.28E-05 0.005629 4.92E-05 1.36E-05 8.61E-06 4.6E-05 0 0
44 6.17E-06 0 8.77E-05 0 3.06E-05 0.003721 2.33E-05 8.96E-06 4.41E-06 3.18E-05 0 0
46 3.77E-06 0 6.82E-05 0 2.14E-05 0.002481 1.82E-05 8.96E-06 4.41E-06 2.4E-05 0 0
48 2.06E-06 0 5.43E-05 0 1.68E-05 0.001622 1.28E-05 2.99E-06 4.61E-06 1.46E-05 0 0
50 1.37E-06 0 4.45E-05 0 9.18E-06 0.00105 1.21E-05 5.54E-06 4.01E-06 2.25E-05 0 0
52 2.74E-06 0 3.62E-05 0 7.65E-06 0.000763 7.98E-06 6.4E-06 2.4E-06 9.73E-06 0 0
54 3.43E-07 0 2.64E-05 0 4.59E-06 0.000477 5.11E-06 3.84E-06 1.4E-06 6.74E-06 0 0
56 6.85E-07 0 2.37E-05 0 3.06E-06 0.000286 4.79E-06 1.28E-06 3.81E-06 2.99E-06 0 0
58 3.43E-06 0 1.81E-05 0 9.18E-06 0.000191 2.87E-06 2.56E-06 1.8E-06 5.24E-06 0 0
60 3.43E-07 0 1.11E-05 0 3.06E-06 0.000191 2.55E-06 4.26E-07 8.01E-07 2.62E-06 0 0
62 6.85E-07 0 8.35E-06 0 3.06E-06 0.000191 1.92E-06 4.26E-07 4.01E-07 2.99E-06 0 0
64 3.43E-07 0 9.74E-06 0 0 0.000191 1.6E-06 4.26E-07 8.01E-07 1.12E-06 0 0
66 3.43E-07 0 5.57E-06 0 0 9.54E-05 3.51E-06 0 2.4E-06 3.74E-07 0 0
68 0 0 5.57E-06 0 0 9.54E-05 1.28E-06 0 0 1.5E-06 0 0
70 0 0 2.78E-06 0 0 9.54E-05 3.19E-07 0 0 7.49E-07 0 0
72 0 0 1.39E-06 0 0 0 3.19E-07 0 0 1.5E-06 0 0
74 0 0 0 0 0 0 3.19E-07 0 2E-07 7.49E-07 0 0
76 0 0 0 0 0 0 0 0 0 2.99E-06 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
208 
Table A–20.  Tridem Axle Load Spectra for National Average MEPDG Default WIM 
Station. 
 
 
Load 
Level
(kips) 4 5 6 7 8 9 10 11 12 13 14 15
2 0 0 0 0 0 0 0.098009 0.053208 0.003248 0.015493 0 0
4 0 0 0 0 0 0 0.057499 0.047684 0.00156 0.006277 0 0
6 0 0 0 0 0 0 0.044137 0.036248 0.001648 0.006776 0 0
8 0 0 0 0 0 0 0.035249 0.027391 0.001467 0.005764 0 0
10 0 0 0 0 0 0 0.035189 0.013239 0.001069 0.004308 0 0
12 0 0 0 0 0 0 0.030412 0.005958 0.001108 0.006363 0 0
14 0 0 0 0 0 0 0.030171 0.004748 0.001959 0.007119 0 0
16 0 0 0 0 0 0 0.035007 0.004702 0.001372 0.00545 0 0
18 0 0 0 0 0 0 0.04057 0.006711 0.001529 0.009287 0 0
20 0 0 0 0 0 0 0.044802 0.002511 0.001966 0.007832 0 0
22 0 0 0 0 0 0 0.038756 0.006802 0.001639 0.009316 0 0
24 0 0 0 0 0 0 0.029808 0.004451 0.001487 0.007404 0 0
26 0 0 0 0 0 0 0.02745 0.004268 0.000851 0.009016 0 0
28 0 0 0 0 0 0 0.01705 0.001643 0.001421 0.007418 0 0
30 0 0 0 0 0 0 0.010823 0.002899 0.000543 0.007804 0 0
32 0 0 0 0 0 0 0.008102 0.000936 0.00024 0.006677 0 0
34 0 0 0 0 0 0 0.005925 0.000913 0.000218 0.00341 0 0
36 0 0 0 0 0 0 0.003628 0.000365 0.000235 0.003324 0 0
38 0 0 0 0 0 0 0.003144 0.00226 0.00034 0.003866 0 0
40 0 0 0 0 0 0 0.002056 0.000457 9.29E-05 0.00174 0 0
42 0 0 0 0 0 0 0.002116 0.000867 2.69E-05 0.001569 0 0
44 0 0 0 0 0 0 0.00133 0 1.96E-05 0.001669 0 0
46 0 0 0 0 0 0 0.001028 0 5.63E-05 0.001612 0 0
48 0 0 0 0 0 0 0.000786 0 4.89E-05 0.000785 0 0
50 0 0 0 0 0 0 0.000423 0 0.0001 0.00097 0 0
52 0 0 0 0 0 0 0.000423 0 1.71E-05 0.000243 0 0
54 0 0 0 0 0 0 0.000242 0 2.2E-05 0.000314 0 0
56 0 0 0 0 0 0 0.000181 0 8.56E-05 0.000428 0 0
58 0 0 0 0 0 0 0.000181 0 7.34E-06 9.99E-05 0 0
60 0 0 0 0 0 0 6.05E-05 0 2.45E-05 0.000157 0 0
62 0 0 0 0 0 0 6.05E-05 0 5.63E-05 0.000171 0 0
64 0 0 0 0 0 0 0 0 0 0 0 0
66 0 0 0 0 0 0 0 0 0 0 0 0
68 0 0 0 0 0 0 0 0 0 0 0 0
70 0 0 0 0 0 0 0 0 0 0 0 0
72 0 0 0 0 0 0 0 0 0 0 0 0
74 0 0 0 0 0 0 0 0 0 0 0 0
76 0 0 0 0 0 0 0 0 0 0 0 0
78 0 0 0 0 0 0 0 0 0 0 0 0
80 0 0 0 0 0 0 0 0 0 0 0 0
82 0 0 0 0 0 0 0 0 0 0 0 0
84 0 0 0 0 0 0 0 0 0 0 0 0
86 0 0 0 0 0 0 0 0 0 0 0 0
88 0 0 0 0 0 0 0 0 0 0 0 0
FHWA Vehicle Class
209 
Table A–21.  Average Steer-Drive Axle Spacing (feet) for All California WIM Stations 
by FHWA Vehicle Classification (in %). 
 
 
Less 7.5 10.5 13.5 16.5 19.5 Greater
than to to to to to than
7.5 10.5 13.5 16.5 19.5 22.5 22.5
4 0.000 0.000 0.000 0.000 0.000 0.000 100.000
5 0.066 7.021 34.065 24.072 17.909 15.757 1.110
6 0.006 4.414 12.193 30.320 41.070 10.217 1.780
7 0.019 0.515 3.117 12.654 70.379 13.208 0.109
8 0.071 6.802 57.674 16.906 13.332 4.718 0.498
9 0.001 5.484 18.877 23.606 43.535 8.313 0.183
10 0.022 5.606 12.287 18.178 54.519 8.947 0.442
11 0.001 3.030 56.395 32.975 7.389 0.207 0.002
12 0.087 10.149 29.699 21.874 35.111 3.067 0.015
13 1.096 18.348 31.930 23.993 16.424 5.306 2.903
14 0.001 0.021 0.335 43.033 53.922 2.631 0.057
Axle Spacing Categories (ft)
FHWA Vehicle 
Classification
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Figure B–1.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
a.) b.) 
c.) d.) 
e.) f.) 
212 
 
 
 
Figure B–2.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–3.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–4.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–5.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–6.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–7.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–8.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–9.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–10.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–11.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
a.) b.) 
c.) d.) 
e.) f.) 
222 
  
  
  
Figure B–12.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–13.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 12-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
a.) b.) 
c.) d.) 
e.) f.) 
224 
 
 
 
Figure B–14.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–15.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–16.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 15-foot Joint 
Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–17.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–18.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Carbondale, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–19.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–20.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–21.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–22.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–23.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–24.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–25.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–26.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–27.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–28.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–29.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
a.) b.) 
c.) d.) 
e.) f.) 
240 
  
  
  
Figure B–30.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–31.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 12-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–32.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–33.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–34.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 15-foot Joint 
Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–35.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–36.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Midway Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–37.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–38.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–39.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–40.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–41.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–42.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–43.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–44.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–45.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–46.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–47.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–48.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, 
c.) Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–49.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 12-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–50.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–51.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
a.) b.) 
c.) d.) 
e.) f.) 
262 
 
 
 
Figure B–52.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 15-foot Joint 
Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–53.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–54.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for DuPage Airport, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) 
Linear MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear 
MEPDG Fatigue Transfer Functions. 
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Figure B–55.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–56.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–57.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 12-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
L
ev
el
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
a.) b.) 
c.) d.) 
e.) f.) 
268 
 
 
 
Figure B–58.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–59.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–60.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, AC Shoulder, 15-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–61.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–62.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–63.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 12-
foot Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–64.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–65.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–66.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Tied PCC Shoulder, 15-
foot Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–67.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 12-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
-1
-0.8
-0.6
-0.4
-0.2
0
0.2
0.4
0.6
0.8
1
R
el
at
iv
e 
D
am
ag
e 
Le
ve
l
a.) b.) 
c.) d.) 
e.) f.) 
278 
 
 
 
Figure B–68.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–69.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 12-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–70.  Relative Damage Profiles for 8-inch JPCP Slab Thickness, Widened Slab, 15-foot Joint 
Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear MEPDG, 
d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG Fatigue 
Transfer Functions. 
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Figure B–71.  Relative Damage Profiles for 10-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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Figure B–72.  Relative Damage Profiles for 12-inch JPCP Slab Thickness, Widened Slab, 15-foot 
Joint Spacing, for Peoria, Illinois for a.) Linear Tepfers, b.) Linear Zero Maintenance, c.) Linear 
MEPDG, d.) Non-Linear Tepfers, e.) Non-Linear Zero Maintenance, and f.) Non-Linear MEPDG 
Fatigue Transfer Functions. 
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